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FOREWORD 


Fire safety has always had a high priority In the planning and operation 
of human spacecraft missions. With the designs under way for a permanently 
Inhabited United States orbiting facility, the NASA Space Station, new Issues 
of fire safety must be addressed. These Involve, on the one hand, more strin- 
gent requirements because of the long-term habitation of the Space Station 
and, on the other hand, more flexible requirements because of the goal of 
accessibility to a variety of users. Thus the challenge to spacecraft fire 
safety planners Is to meet these potentially contradictory objectives without 
compromising basic human or structural safety. 

The purpose of the workshop documented In this publication was to review 
the current knowledge In fire safety and to assess the needs relevant to space- 
craft. The cooperation of the authors and the other participants In sharing 
their knowledge In the papers and the discussion forums Is most appreciated. 

The chairman also acknowledges the support of the editor, Janice Margie, of 
the Pennsylvania State University, Ogontz Campus, In condensing the minutes of 
the discussion forums and organizing this publication. 

I hope that this material will prove to be Informative and useful to many 
readers . 


Robert Friedman 

Workshop Chairman 

NASA Lewis Research Center 
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EXECUTIVE SUMMARY 

This publication contains the presentations and findings of the Spacecraft 
Fire Safety Workshop held at the NASA Lewis Research Center, August 20-21, 

1986. The workshop consisted of, first, a symposium with 10 original survey 
papers relating to fire safety. Following the symposium were five simultaneous 
forums, which discussed applications of fire safety principles to spacecraft 
and recommended Issues for further studies. 


Review Papers 

Techniques for fire detection . - The purpose of a fire detector Is to 
provide the earliest warning of an unwanted fire, balanced against the avoid- 
ance of false alarms. The detector responds to fire signatures, which are 
environmental departures from norma 1 conditions Indicative of fires. Signa- 
tures are broadly classified according to categories of heat, smoke, and light 
(or radiation); and the application of fire detectors must consider not only 
the response to the signatures but also the time-dependent transport of the 
signature mass or energy to the detector. Common and advanced types of detec- 
tors, their principles and applications, are Illustrated and discussed In the 
paper. The selection of a detector and a detecting system depends on the 
application cost, response, and other factors. The prediction of fire growth 
through analytical modeling Is a modern practice that is Invaluable in match- 
ing fire detectors to anticipated fire hazards. 

Fire-related standards and testing . - Until recently, flammability test 
methods tended to be empirical procedures, not firmly rooted In an understand- 
ing of the fire science. During the last decade, however, bench-scale tests 
based on physical and chemical phenomena have been devised for systematic and 
standardized prediction of full-scale fire behavior. New-generatlon tests, 
proposed or adopted by standards organizations, evaluate Ignltlblllty, flame 
spread, and heat and product generation rates. The tests use Improved simula- 
tion apparatus, for example the NBS Cone Calorimeter, which can determine 
quantitative Ignition, heat release, and smoke generation rates. For the 
special needs of spacecraft (as contrasted to conventional building and struc- 
tural test methods), nonambient oxygen concentrations, various total atmos- 
pheric pressures, and low gravity may all Influence the strategy of testing 
and the Interpretation of results. Present NASA and other aerospace test 
methods must of necessity assess material flammability at ambient pressure and 
gravity levels, but future test methods will be expected to focus on fundamen- 
tal principles related to the space environment. 

Fire extinguishment and Inhibition In spacecraft environments . - Extrapo- 
lation of terrestrial fire protection experience to spacecraft situations 
demands a thorough scientific understanding of the extinguishing mechanisms. 

The confined volume, artificial atmosphere, and lack of buoyancy forces In low 
gravity all Influence the fire behavior and the suppression techniques in 
spacecraft. The current aerospace extlngulshant, a halogenated hydrocarbon, 
Halon 1301, presents the serious technological problem of removal of halogen- 
acid contaminants In the cabin atmosphere after a fire. The cleanup advantages 
of alternative extlngulshants must be assessed against the efficiency of Halon 
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1301. For electronic equipment compartments, an Inerting mechanism, such as 
onboard nitrogen generation, would be preferable to reliance on extlngulshants . 
A vigorous argument Is presented for consideration of liquid water sprays as 
fire extinguishers, which. In principle and application, offer promise for 
practical use In the spacecraft environment. 

Inerting and atmospheres . - The spacecraft cabin Is an example of an 
enclosed capsule supporting humans In an exceedingly hostile environment, 
analogous In many respects to submarines and deep-sea exploration vessels. 
Research and experience show that human life can be sustained for extended 
periods In an atmosphere with low oxygen concentrations that Inhibit combus- 
tion. A considerable body of data exists, albeit taken In normal gravity, 
that establishes oxygen Indices for common materials, that Is, the lowest con- 
centration of oxygen to support combustion. For most materials, a small 
reduction In oxygen concentration Is sufficient to Insure nonflammability. 

This principle can be applied to long-term habitation and to emergency extin- 
guishment of fires by flooding with an Inert gas, such as nitrogen. 

Fire-related medical science . - Crews must Inhibit or extinguish fires 
quickly In spacecraft, because the treatment of fire victims may require medi- 
cal skills and supplies that exceed the capabilities and resources In the 
spacecraft. Exposure to overheating can be lethal within a short period of 
time. More likely hazards are the smoke and toxic gases generated by even 
minor fires. Carbon monoxide Is the most common adverse combustion product, 
but synthetic polymers In spacecraft may generate cyanides, halogen acids, 
ammonia, and other toxic products. Other fire Injuries can result from over- 
pressure and structural failure caused by explosions through Ignition of 
reactive gaseous products. Medical science applicable to spacecraft fire 
safety should study permissible limits of exposure to toxic substances based 
on human mental acuity and judgment tests to Include the psychology of escape. 
The strategy of fire safety through the use of a reduced-oxygen atmosphere has 
much promise, but Its Implementation requires additional medical-related 
research on human effects In unusual atmospheres. 

Aircraft fire safety research . - Although aircraft fire safety problems 
are more diversified than those anticipated In spacecraft, the space field can 
benefit from the experience and Improvements gained from aircraft techniques. 
Aircraft fire threats Involve a variety of materials and operating environ- 
ments. The major fire hazard may arise from the storage and usage of low- 
flash-point and kerosene-type fuels. The dangers from fuel fires have led to 
studies and applications In fuel tank protection and Inerting, crash-fire pro- 
tection, armament and explosion protection, heat-absorbing fuels (endothermic 
fuels), and Improved-property hydraulic fluids. Engine compartments and 
nacelles employ advanced concepts In fire detection and automated extinguishing 
systems, all worthy of consideration for spacecraft adaptation. Fire standards 
for materials, detection, extinguishment, and escape In aircraft cabins also 
provide analogies for consideration In spacecraft fire control measures. 

Space Station Internal environmental and safety concerns . - The proposed 
U.S. Space Station will present unique problems In fire safety because of Its 
long lifetime, limited resources, hazardous operating conditions, and crew of 
varying skills. The Space Station will consist of differing protected volumes, 
comprising habitation, laboratory, and supply modules. The major threat of 
fire Is countered through methodology derived from the previous U.S. manned 
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spacecraft projects, techniques that provide limited precedents or patterns of 
growth. Although designs are actively proceeding, the means of fire detec- 
tion, extinguishment, and escape In the Space Station are still to be deter- 
mined In detail. The paper discusses current and potential techniques 
applicable to the Space Station, with some Indications of their advantages and 
disadvantages. It Is likely that a combination of fire detection and extin- 
guishment methods will be used In the diverse modules of the Space Station. 

The concept of module venting for uncontrollable fires or post-fire atmospheric 
cleanup must be considered as an alternative means of fire control. 

Hlcrogravltv combustion fundamentals . - In normal gravity, fire spreads 
to a large extent through the bulk density gradients created by the rapid heat 
release. This natural convection Is absent In microgravity (the low gravity 
in orbiting spacecraft), although bulk fluid and energy transport continues 
through diffusion, radiation, pressure gradients, and forced convection (ven- 
tilation). The simplification of the combustion process by removal of the 
gravity force has motivated low-gravity combustion research In order to under- 
stand the subtleties of normal-gravity flame spreading. For fire safety con- 
siderations, the role of the low-gravity environment Is ambiguous. On the one 
hand, microgravity flame spread may be less than corresponding normal-gravity 
flame spread because of limited oxidant diffusion and poor combustion effi- 
ciency. On the other hand, microgravity combustion may be enhanced by the 
action of otherwise weak flow fields In the spacecraft atmosphere, by radial 
expulsion of melting materials, and by Increased radiation from sooty flames. 
Ground-based low-gravity testing Is Indispensable to the understanding of 
microgravity combustion. For this purpose, specialized facilities Include 
drop towers and Keplerlan-orblt airplane trajectories. 

Spacecraft material flammability testing and configurations . - NASA has 
Imposed strict flammability requirements on all spacecraft materials, as pro- 
vided In a handbook on test procedures. The acceptance of designs, materials, 
or configurations Is based on a formalized design process for tracking and 
control. Realism In the approach to material safety requires the adoption of 
a philosophy that (1) an Ignition source exists, and (2) any fire that starts 
shall be self-extinguishing within a short distance. Inevitably some flam- 
mable materials (as defined by the strict test procedures) must be accepted 
onboard the spacecraft. To conform to the approval philosophy, such materials 
are either widely spaced In small quantities or stored In nonflammable con- 
tainers. The special problem of electronic devices and wiring Is approached 
by compartmentallzatlon, fire barriers, or Inerting. Major concerns for the 
near future are those of finding alternatives for the Halon 1301 extlngulshant 
and substitutes for the present flammable materials In clothing, foams, and 
paper. 

Ignition and combustion of metals In oxygen . - Metals are normally more 
difficult to Ignite than flammable gases and nonmetals because metals have 
higher densities, thermal conductivities, and Ignition temperatures. In 
spacecraft, however, the presence of oxygen In life-support systems and In 
combination with fuels for propellant systems can lead to catastrophic metal 
Ignition and metal-oxygen combustion. The oxide coating that adheres to metal 
surfaces can act as a barrier to Ignition. The Ignition process Is thus not 
only Influenced by the type of metal but also by the physical nature of the 
oxide, dynamic conditions (Impact), and oxygen pressure. Metals can burn as 
either vapors or liquids, depending on the metal boiling point and the flame 


3 


temperature. In low gravity, combustion of metals as liquids or vapors may be 
Influenced by the elimination of convective flows that could detach molten 
masses or vapors, exposing fresh metal surfaces. In any case, metal fires 
generate more heat per unit volume than conventional fires, and they are best 
controlled by strict prevention of Ignition rather than by attempts at extin- 
guishment. 


Discussion Forums 

Fire detection and Ignition . - The general findings of this forum can be 
summarized In the single statement that rapid detection of Incipient hazards 
Is Imperative. Thus overheating, a precursor to Ignition, should be detected, 
perhaps through Indicator coatings on critical equipment. Hazard discrimina- 
tion can be aided by multiple sensing to Identify threats and avoid false 
alarms through pattern logic, or by sensing In several locations through a 
common detector system. More specific Information on hazards In the Space 
Station, which will have uninhabited as well as Inhabited modules, must be 
provided. The recommendations for research and technology from this forum are 

(1) Study of detection of overheated and smoldering components, with 
emphasis on the development of heat-sensitive coatings 

(2) Improvement of sensing systems, and Incorporation of multiple fire- 
signature decision software 

(3) Development of central detector systems for command of localized 
sensing stations 

(4) Study of fire signatures expected In low gravity and nonstandard 
atmospheres 

(5) Inventory of spacecraft equipment and procedures to anticipate 
hazards and locate sensors 

Fire extinguishment . - The general findings of this forum cover both fun- 
damental research needs and applied technology needs. In fundamentals, further 
studies of chain-reaction models In the role of extinguishment are essential, 
particularly those directed toward low-gravity environments, deep-seated and 
smoldering combustion. In applications, alternatives to the present Halon 
1301 extlngulshant are desirable, with the emphasis on water and nitrogen. 

The cleanup of Inhabited areas to remove post-fire residues and atmospheric 
pollutants Is a neglected aspect of fire control. The recommendations for 
research and technology from this forum are 

(1) Fundamental research on combustion and suppression In microgravity and 
space-unique environments 

(2) Testing and evaluation of candidate extlnguishants 

(3) Development of specific extinguishment and inerting techniques for 
hazardous areas of the spacecraft 


4 



(4) Planning for post-fire atmospheric cleanup 


(5) Establishment of cooperative working groups to pursue analogies 
between space and submarine research 

Human responses to combustion products and Inert atmospheres . - The 
general findings of this forum can be summarized In the statement that further 
Investigative and statistical Information on human hazards In enclosed envi- 
ronments must be obtained. Human standards for tolerance of atmospheric con- 
taminants from all sources need to be Improved. Material standards for fire 
safety should Include the determination of pyrolytic generation of toxic 
products as well as absolute flammability. The forum concurs with the view 
that low-oxygen "fire-safe" atmospheres may be suitable to support human 
activities. Finally, the forum notes that one must recognize human fallings, 
that Is, the tendency to overlook fire rules and bring contraband on board 
spacecraft. The recommendations for research and technology from this forum 
are 


(1) Revision of material acceptance standards to test toxicology of 
emission products 

(2) Emphasis on human responses In establishing fire safety policies 

(3) Study of combustion, pyrolysis, and extinguishment products expected 
In microgravity 

(4) Update of human tolerance limits to pollutants and reduced-oxygen 
atmospheres 

(5) Designation and training of at least one spacecraft crewmember as a 
fire marshal on each mission 


Spacecraft materials and configurations . - The general findings of this 
forum center on the need for improved material assessments for the long-life 
Space Station. New concerns should Include material aging and changes, non- 
vlslble combustion or smoldering, and the proper containment of hazardous 
materials. Particular problems, such as the Increased flammability In the 
enriched-oxygen spacecraft atmosphere prior to an extravehicular activity, 
must be recognized. The forum also notes the Importance of the application of 
established knowledge In aircraft and ground fire safety to spacecraft. The 
recommendations for research and technology from this forum are 

(1) Further flammability testing In low-gravity environments 

(2) Further testing on overheating and product generation from common 
materials 


(3) Further long-term material testing to Include aging effects 

(4) Establishment of data banks to share and correlate space, aircraft, 
and ground fire models 

Selection of spacecraft atmospheres . - The general findings of this forum 
are that research on spacecraft cabin atmospheres Is warranted, first, to 
develop fire-safe atmospheres and, second, to learn about contamination from 
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fire extinguishment. Three alternative fire-safe atmospheres are proposed. 

The first-priority recommendation is an Increased total pressure oxygen- 
nitrogen atmosphere, which has a near-normal oxygen partial pressure but a 
reduced oxygen mole fraction. The second is a sea-level total pressure oxygen 
nitrogen atmosphere, with a reduced oxygen partial pressure and mole fraction. 
The third is an oxygen-diluent atmosphere, where the inert component is a 
high-heat-capacity gas (carbon tetraf luoride is an example). On the topic of 
post-fire atmospheric contamination, the forum notes the advantages of water 
over Halons and other common extinguishing agents. Other topics of forum dis- 
cussion are fire spread through ventilated forced convection, effects of alter 
native atmospheres on equipment performance, and Isolation and inerting of 
high-risk volumes. The recommendations for research and technology from this 
forum are: 

(1) Research and technology programs on the three alternative spacecraft 
cabin atmospheres 

(2) Research on combustion, pyrolysis, and smoldering in all atmospheres 

(3) Establishment of data banks to collect knowledge on fire behavior in 
unusual environments 

(4) Further research on atmospheric contamination by extinguishants 
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INTRODUCTION 


It is recognized that overheating, fire, explosion, and the resulting 
byproducts can be extreme hazards in inhabited spacecraft. With designs under- 
way for a permanently inhabited orbiting facility, the NASA Space Station, new 
issues of fire safety must be addressed (refs. 1 to 3). The Space Staion must 
serve as a self-contained community, with hope of rescue many days away. The 
Space Station will accommodate a crew with various skills engaged in construc- 
tion and maintenance, scientific experiments, and commercial technology devel- 
opment, as well as ordinary living, housekeeping, and recreational activities. 
Thus, the Space Station may call for improved and innovative fire safety 
strategies, as compared to previous space flight programs. On the other hand, 
it is important to make the Space Station as accessible as possible to a vari- 
ety of users. Accordingly, fire safety measures must strive for simplicity, 
flexibility, generalization, and cost effectiveness, without compromising human 
or structural safety criteria. 

The primary emphasis in past human-crew space missions has been on fire 
protection through control and selection of onboard materials (ref. 4). lhe 
underlying philosophy is that ignition sources will exist, but fires must be 
self- 1 imiting within a short distance from their ignition points (ref. 5). 
Non-self-extinguishing materials brought onboard spacecraft (paper, clothing, 
for example) must be made fire-limiting by spacing of materials or containment 
in fire-resistant enclosures. For the Space Station, and to some extent the 
Shuttle Orbiter, rigid material and configuration controls are not sufficient 
for fire safety. Fire detection and suppression measures must be Incorporated 
into present and future designs. 

Attention to the particular needs of spacecraft fire safety dates to the 
early space projects (ref. 6). More recent attention has involved the NASA 
Lewis Research Center, where programs have Included research on microgravity 
(low-gravity) combustion and propellant safety, and management of an aerospace 
safety data institute. The Lewis Research Center cooperated with the NASA 
Johnson Space Center for a spacecraft fire safety review in March 1984. The 
principal questions leading to this review were those of enriched-oxygen atmos- 
phere hazards and extinguisher toxicity in spacecraft cabins, but the meeting 
expanded the themes to cover low-gravity combustion, fire control, and medical 
science. The review findings were Informal and unpublished. However, the 
recommendations for further inquiry into selected fire-safety topics, Impelled 
by the needs of the developing Space Station program, stimulated the organiza- 
tion of a second review. This meeting, the NASA Spacecraft Fire Safety Work- 
shop, was held at the NASA Lewis Research Center on August 20-21, 1986. 

The workshop program was divided into two sections. The first section 
was a day-long symposium on subjects relating to fire safety, fundamental and 
applied, and to the spacecraft environment. The second section was a set of 
five simultaneous discussion forums on the relevant topics of fire detection, 
fire extinguishment, human responses, spacecraft materials, and spacecraft 
atmospheres. The workshop leaders and participants could attend any forum of 
their choice. Each forum provided an opportunity to discuss the application 
of fire safety principles to spacecraft needs, the problems anticipated in the 
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Space Station, and the recommendations for future research, technology, and 
standards . 

This publication Is a summary of the NASA Lewis Spacecraft Fire Safety 
Workshop, consisting of the 10 papers and the minutes of the discussion forums. 
The papers are furnished by the various authors as expanded versions of the 
oral presentations given at the workshop. Occasional Inconsistencies between 
the papers represent genuinely differing polnts-of-vlew In the fire-safety 
field. The discussion forum chapters are based on a consensus of the partici- 
pants' discussion as written by the workshop editor from documents submitted 
by the forum leaders. 

A condensation of the workshop recommendations Is Included In a recent 
paper on spacecraft fire safety (ref. 7). 
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TECHNIQUES FOR FIRE DETECTION 


N88- 12521 


Richard W. Bukowski 
Center for Fire Research 
National Bureau of Standards 


INTRODUCTION 

The purpose of a fire detector is to provide the earliest warning possible 
of the outbreak of an unwanted fire so that appropriate actions to mitigate 
the consequences of the fire can be taken. These actions generally Include 
the evacuation of occupants at risk to a safe area and the Initiation of extin- 
guishment activities, either automatic or manual. Since fires and the threat 
posed by them grow rapidly, earlier extinguishment means that the threat and 
potential for damage from the fire is minimized. 

Balanced against the desire for rapid activation is the need to minimize 
false alarms, which disrupt normal activities and erode confidence in the 
detection system. Detectors that "cry wolf" too often are either Ignored or 
disconnected, resulting in the potential for disaster. In an early 1970's 
report on Air Force aircraft engine nacelle fire detectors (ref. 8), Fox 
reported that about 83 percent of the alarms received were false and 50 percent 
of the fires were not detected. The latter was related to the former in that 
the high false alarm rate caused the crews to disconnect the detectors in order 
to meet flight readiness objectives. In commercial building systems, Fry 
(ref. 9) and Bukowski (ref. 10) both reported false to real alarm ratios of 
14:1 for smoke detectors in the United Kingdom and the United States, 
respectively. 

The balance between early warning and minimum false alarms requires that 
the detector selected be matched to the application in terms of the character- 
istics of the expected fires and the operating environment. An analysis of 
the combustible materials and potential Ignition sources within a space to be 
protected can provide insight into the expected "fire signatures" that will be 
produced. Taking into account the characteristics of the space that will 
influence the transport of these products from the combustion site to the 
detector location and the response of the detector type selected allows the 
prediction of performance. Finally, the vulnerability of the space (and its 
contents and occupants) should be analyzed to determine the maximum fire size 
that can be safely tolerated in order to establish the detection goal required 
to provide a safe condition without being overly sensitive. 

The purpose of this paper is to provide an overview of the bases for such 
an analysis. First, the burning process is discussed in terms of the produc- 
tion of the "fire signatures" normally associated with detection devices. 

These Include convected and radiated thermal energy, particulates, and gases. 
Second, the transport processes associated with the movement of these from the 
fire to the detector, along with the Important phenomena which cause the level 
of these signatures to be reduced, are described. Third, the operating char- 
acteristics of the individual types of detectors, which Influence their 
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response to the signals, are presented. Finally, vulnerability analysis using 
predictive fire modeling techniques will be discussed as a means to establish 
the necessary response of the detection system to provide the level of protec- 
tion required in the application. 


FIRE SIGNATURES 

Fire detectors sense the presence of fire by responding to changes in 
their local environment that are indicative of a fire within their associated 
area of coverage. The goal is to select conditions for sensing that appear as 
early as possible and that are present at levels sufficiently above those at 
normal, nonfire conditions to minimize false alarms. These changes of condi- 
tions are called fire signatures. Various fire conditions may produce differ- 
ent fire signatures, so optimum detector system design requires that the 
detector types selected must be matched to the hazard present. 

Heat 

Combustion is essentially an exothermic, gas-phase chemical reaction. 
Gaseous fuels combust by breaking bonds in the fuel molecules, forming other 
chemical species and releasing thermal energy. For solid or liquid fuels, 
some of the thermal energy is needed to produce the phase change to a gas 
before the actual combustion takes place. This required energy is the heat of 
gasification. The net remaining energy then goes to Increase the temperature 
of the gases and air leaving the combustion zone. This hot gas rises due to 
buoyancy to the ceiling and spreads radially outward in a ceiling jet. The 
temperature and velocity of this ceiling jet govern the heat transfer rate to 
thermally activated detectors located on the celling. 

Smoke 

In terms of fire detection, smoke refers to solid or liquid particles 
released during combustion. The solids are clusters of carbonaceous spherules 
formed within the fuel rich portions of the flame in a process similar to 
polymerization. Vapors can condense on a solid core, yielding a liquid covered 
smoke particle. This condensation process requires that the temperature be 
below the vaporization temperature while the vapor concentration is still high. 
In smoldering combustion, essentially all the smoke is in the form of condensed 
vapors. This is why the smoke from smoldering appears light colored (the 
liquid is largely water) and the smoke from flaming is dark (mostly carbon). 
This also means that the particle size from smoldering is larger than from 
flaming. 


Light 

Flames radiate light energy over a broad spectrum. Radiation in the 
visible and infrared comes largely from thermal energy radiating from the car- 
bon particles within the flame. This is why a hydrogen flame, which contains 
no carbon, is Invisible. Ultraviolet radiation comes largely from OH radicals, 
and the thermally broadened OH radiation explains why alcohol flames and pre- 
mi xed gas flames appear blue. 
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T ransport/Losses 


Once produced by the fire, the fire signature must travel to the detector 
to produce a response. Depending on the signature, this transport process 
takes time, and losses can occur that further delay response. An understanding 
of this process can help to select optimum detector placement and type for the 
fastest response to the hazard. 

The rising plume above a fire entrains cool air, which reduces the temper- 
ature and dilutes the particulate concentration. Once the plume contacts the 
ceiling, heat transfer reduces the temperature further, but particulate losses 
to the ceiling are generally small. When the celling jet reaches the detector, 
the thermal inertia of a heat detector results in a delay in response, but a 
smoke detector will respond immediately if the particulate concentration is 
high enough. This is the primary reason why smoke detectors respond faster 
than heat detectors for most fires. 

With flame detectors, the light energy travels in a straight line almost 
Instantaneously. Since the fire is radiating in all directions, the intensity 
falls off as the square of the distance from the fire to the detector and may 
be attenuated by any smoke particles in the radiant beam. The key thing to 
remember about flame detection is that the detector must be able to “see" the 
flame directly, although Infrared energy will reflect from surfaces at a 
reduced level. 


HEAT DETECTION 
Types 

Heat detectors are the oldest type of automatic fire detection device. 

They began with the development of automatic sprinkler heads in the 1 860 ' s and 
have continued to the present with a proliferation of different types of 
devices. A sprinkler can be considered a combined extinguishing device and 
heat- activated fire detector when the sprinkler system is provided with water 
flow indicators tied into the fire alarm control unit system. These water 
flow Indicators detect either the flow of water through the pipes or the sub- 
sequent pressure drop upon actuation of the system and automatically sound an 
alarm as the water is being put on the fire. 

Electrical heat detectors, which only sound an alarm and have no extin- 
guishing function, are also used. Heat detectors are the least expensive fire 
detectors, have the lowest false alarm rate of all fire detectors, but are 
also the slowest in detecting fires. Heat detectors are best suited for fire 
detection in small confined spaces where rapidly building, high heat output 
fires are expected and in other areas where ambient conditions would not allow 
the use of other fire detection devices or where speed of detection or life 
safety are not the prime consideration. One example of this would be low value 
protection where fire could cause minimum damage to the structure or contents. 
Heat detectors may be thought of as detecting fires within minutes of ignition. 

Heat detectors respond to the convected thermal energy of a fire and are 
generally located at or near the celling. They may respond either at a 
predetermined fixed temperature or at a specified rate of temperature change. 
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In general, heat detectors are designed to sense a prescribed change in a 
physical or electrical property of a material when exposed to heat. 

Fixed-Temperature Detectors 

Fixed- temperature detectors are designed to alarm when the temperature of 
the operating element reaches a specified point. Ihe air temperature at the 
time of operation is usually higher than the rated temperature due to the 
thermal inertia of the operating elements. Fixed- temperature heat detectors 
are available to cover a wide range of operating temperatures ranging from 
5/ °C (135 °F) and up. Higher temperature detectors are necessary so that 
detection can be provided in areas that are normally subjected to high ambient 
(nonfire) temperatures. 

F-utectic metals, alloys of bismuth, lead, tin, and cadmium, which melt 
rapidly at a predetermined temperature, can be used as operating elements for 
heat detection. The most common such use is the fusible element in an auto- 
matic sprinkler head. Fusing of the element allows water to flow in the sys- 
tem, which triggers an alarm by various electrical or mechanical means. A 
eutectic metal may be used in one of two ways to actuate an electrical alarm 
circuit. The simplest method is to place the eutectic element in series with 
a normally closed circuit. Fusing of the metal opens the circuit to trigger 
an alarm. Ihe second method employs a eutectic metal as a solder to secure a 
spring under tension. When the element fuses, the spring action is used to 
close contacts and sound an alarm. Devices using eutectic metals cannot be 
restored. Either the device or its operating element must be replaced follow 
irig operation. 

Frangible glass bulbs similar to those used for sprinkler heads have been 
used to actuate alarm circuits. Ihe bulb, which contains a high vapor pressure 
liquid and a small air bubble, is used as a strut to maintain a normally open 
switching circuit. When exposed to heat, the liquid expands, compressing the 
air bubble. When the bubble is completely absorbed, there is a rapid increase 
in pressure, shattering the bulb and allowing the contacts to close. Ihe 
desired temperature rating is obtained by controlling the size of the air 
bubble relative to the amount of liquid in the bulb. 

As an alternative to spot-type fixed temperature detection, various meth 
ods of continuous line detection have been developed. One type of line detec 
tor uses a pair of steel wires in a normally open circuit. Ihe conductors are 
insulated from each other by a thermoplastic of known fusing temperature. Ihe 
wires are under tension and held together by a braided sheath to form a single 
cable assembly (fig. 1). When the design temperature is reached, the insula 
tion melts, contact is made, and an alarm is generated. Following an alarm, 
the fused section of the cable must be replaced to restore the system. 

A similar alarm device utilizing a semiconductor material and a stainless 
steel capillary tube has been developed for use where mechanical stability is 
a factor (fig. 2). The capillary tube contains a coaxial center conductor 
separated from the tube wall by a temperature -sens i ti ve glass semiconductor 
material. Under normal conditions, a small current (i.e., below alarm thresh 
old) flows in the circuit. As the temperature rises, the resistance of the 
semiconductor decreases allowing more current flow and triggering the alarm. 
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Bimetals are used for the operating elements of several types of fixed- 
temperature detectors. When a sandwich of two metals having different coeffi- 
cients of thermal expansion is heated, differential expansion causes bending 
or flexing towards the metal having the lower expansion rate. This action 
closes a normally open circuit. The low expansion metal commonly used is 
Invar, an alloy of 36 percent nickel and 64 percent Iron. Several alloys of 
manganese-copper-nickel, nlckel-chromlum-lron or stainless steel may be used 
for the high expansion component of a bimetal assembly. 

Bimetal detectors are generally of two types, the bimetal strip and the 
bimetal snap disc. Some devices use bimetal strips placed directly In the 
alarm circuit. As the strip Is heated It deforms In the direction of its con- 
tact point. The width of the gap between the contacts determines the operating 
temperature. The wider the gap, the higher the operating point. Drawbacks to 
this type of device are Its lack of rapid positive action and Its susceptibil- 
ity to false alarms from vibration or jarring, particularly as the rated tem- 
perature Is approached, for example, during periods of transient high ambient 
temperatures that are below the alarm point. 

The operating element of a snap-disc device Is a bimetal disc formed Into 
a concave shape In Its unstressed condition (fig. 3). As the disc Is heated, 
the stresses developed cause It to reverse curvature suddenly and become con- 
vex. This provides a rapid positive action, which allows the alarm contacts 
to close. The disc Itself Is not usually part of the electrical circuit. 
Snap-disc devices are not as sensitive to false or Intermittent alarms as the 
bimetal strips described above. 

A different application of the thermal expansion properties of metals is 
found In the rate compensation detectors, which use metals of different thermal 
expansion rates to compensate for slow changes in temperature while responding 
with an alarm for rapid rates of temperature rise and at a fixed maximum tern 
perature as well. For a further discussion of this device, see the section on 
Combination Detectors. 

All thermal detectors using bimetal or expanding metal elements have the 
desirable feature of automatic restoration after operation when the ambient 
temperature drops below the operating point. 

Rate-of-Rlse Detectors 

One effect that a fire has on the surrounding environment Is to generate 
a rapid Increase In air temperature in the area above the fire. While fixed- 
temperature heat detectors must wait until the gas temperature near the celling 
reaches or exceeds the designated operating point before sounding an alarm, 
the rate-of-rlse detector will function when the rate of temperature change 
exceeds a predetermined value, typically around 8.3 °C (15 °F) per minute. 
Detectors of the rate-of-rlse type are designed to compensate either mechan- 
ically or electrically for normal changes In ambient temperature that are 
expected under nonfire conditions. 

The Increased pressure of gas when heated In a closed system can be used 
to generate a mechanical force that will operate alarm contacts In a pneumatic 
fire detection device. In a completely closed system, actuation will occur 
strictly from a slow change In ambient temperature, regardless of the rate of 
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temperature change. The pneumatic detectors in use today provide a small 
opening to vent the pressure that builds up during slow changes in temperature. 
The vents are sized so that when the temperature changes rapidly, such as in a 
fire situation, the pressure change exceeds the venting rate and the system is 
pressurized. These systems are generally sensitive to rates of temperature 
rise exceeding 8.3 °C (15 °F) per minute. The pressure is converted to mechan- 
ical action by a flexible diaphragm. A generalized schematic of a pneumatic 
heat detection system is shown in figure 4. 

Pneumatic heat detectors are available for both line and spot applica- 
tions. The line systems consist of metal tubing in a loop configuration 
attached to the ceiling of the area to be protected. Except where specifically 
approved. Underwriters' Laboratories requires that lines of tubing be spaced 
not more than 9.1 m (30 ft) apart and that no single circuit exceed 305 m 
(1000 ft) in length. Zoning can be achieved by selected siting of lines or by 
insulating those portions of a circuit that pass through areas from which a 
signal is not desired. 

For spot applications and in small areas where line systems might not be 
able to generate sufficient pressures to actuate the alarm contacts, heat col 
lecting air chambers or rosettes are often used. These units act like a spot 
type detector by providing a large volume of air to be expanded at a single 
location . 

The pneumatic principle is also used to close contacts within spot detec 
tors of the combined rate-of-ri se/fi xed- temperature type. These devices are 
discussed in the following section. 

Combination Detectors 

Several devices are available that use more than one operating mechanism 
and will respond to multiple fire signals with a single unit. The combination 
detectors may be designed to alarm either from any one of several fire signals 
or only when all the signals are present at predetermined levels. 

Several heat detection devices are available that operate on both the 
rate-of-rise and fixed- temperature principles. The advantage of units such as 
these is that the rate-of-rise elements will respond quickly to rapidly devel- 
oping fires, while the f i xed- temperature elements will respond to slowly 
developing smoldering fires when the design alarm temperature is reached. The 
most common type uses a vented hemispherical air chamber and a flexible dia- 
phragm for the rate-of-rise function. The fi xed- temperature element may be 
either a bimetal strip (fig. 5) or a leaf spring restrained by a eutectic metal 
(fig. 6). When the designed operating temperature is reached, either the 
bimetal strip flexes to the contact point or the eutectic metal fuses, releas- 
ing the spring which closes the contacts. 

A second device that can be classified as combination rate- of-rise/f ixed- 
temperature is the rate-compensation detector. This detector uses a metal 
cylinder containing two metal struts. These struts act as the alarm contacts 
and are under compression in a normally open position (fig. 7). The outer 
shell is made of a material with a high coefficient of thermal expansion, 
usually aluminum, while the struts, usually copper, have a lower expansion 
coefficient. When exposed to a rapid change in temperature, the shell expands 
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rapidly, relieving the force on the struts and allowing them to close. Under 
slowly increasing temperature conditions both the shell and struts expand. 

The contacts remain open until the cylinder, which expands at a greater rate, 
has elongated sufficiently to allow them to close. This closure occurs at the 
fixed- temperature rating of the device. 

Thermoelectric Detectors 

Various thermoelectric properties of metals have been successfully applied 
in devices for heat detection. Operation is based either on the generation of 
a voltage between bimetallic junctions (thermocouples) at different tempera- 
tures or variations in rates of resistivity change with temperature. 

These spot- type devices, which operate in the vol tage- generati ng mode, 
use two sets of thermocouples. One set is exposed to changes in the atmos- 
pheric temperature and the other is not. During periods of rapid temperature 
change associated with a fire, the temperature of the exposed set increases 
faster than the unexposed set and a net potential is generated. The voltage 
increase associated with this potential is used to operate the alarm circuit. 


SMOKE DETECTION 
Types 

Smoke detectors are more costly than heat detectors but provide consider- 
ably faster detection times and subsequently higher false alarm rates due to 
their increased sensitivity. While smoke detectors are very effective for 
life safety applications, they are also more difficult to locate properly, 
since air currents, which might affect the direction of smoke flow, must be 
taken into consideration. 

Smoke detectors are classified according to their operating principle and 
are of two main types: ionization and photoelectric. Smoke detectors operat- 

ing on the photoelectric principle give somewhat faster response to the 
products generated by fires of low energy (smoldering) as these fires generally 
produce large quantities of visible (larger particle) smoke. Smoke detectors 
using the ionization principle provide somewhat faster response to fires of 
high energy (open flaming) as these fires produce the smaller smoke particles 
that are more easily detected by this type of detector. 

Smoke detectors should be used to protect areas of high value and areas 
where life safety and fast response times are desired. Smoke detectors can 
operate within seconds of fire ignition. 

Smoke detectors are also installed in return air ducts of ventilating 
(HVAC) systems in large buildings to prevent recirculation of smoke through 
the HVAC system from a fire within the building. Upon detection, the associ- 
ated control system is designed to automatically shut down the circulating 
blowers or to change them over to a smoke exhaust mode. Smoke-activated 
devices are also used to automatically close smoke doors in large buildings in 
order to limit the spread of smoke in case of fire. This may be done with 
separate corridor-ceiling mounted smoke detectors connected to 
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electrically-operated hold-open devices on the doors or smoke detectors that 
are built Into the door closure units themselves. 

Ionization Oetectors 

Ionization chambers have been used for many years as laboratory Instru- 
ments for detecting microscopic particles. In 1939 Ernst Mei 11, a Swiss phys- 
icist, developed an Ionization chamber device for the detection of combustible 
gases In mines (ref. 11). The major breakthrough In the field resulted from 
Me Ill's Invention of a special cold-cathode tube, which would amplify the small 
signal produced by the high Impedance detection circuit sufficiently to trigger 
an alarm circuit. This reduced the electronics required and resulted In a 
practical detector. In most models today, the cold-cathode tube has been 
replaced with solid state circuitry, which further reduces the size and cost. 

The basic detection mechanism of an Ionization detector consists of an 
alpha or beta radiation source In a chamber containing positive and negative 
electrodes. Alpha radiation sources are commonly americium- 241 or radium-226, 
and the strength of the sources generally range from 2000 to 3 000 000 dis- 
integrations per second (0.05 to 80 yCl). The alpha radiation In the chamber 
Ionizes the oxygen and nitrogen molecules In the air between the electrodes 
causing a small current (of the order of 10 _ n A) to flow when voltage Is 
applied (fig. 8). 

When a smoke aerosol enters the chamber, It reduces the mobility of the 
Ions, and therefore the current flow between the electrodes (fig. 9). The 
resulting change In the current In the electronic circuit Is used to trigger 
an alarm at a predetermined level of smoke In the chamber. The Ionization 
chamber detector reacts to both visible and Invisible components of the prod 
ucts of combustion. It responds best to particle sizes between 0.01 and 

1.0 ym. 

Depending on the placement of the alpha source, two types of chambers, 
unipolar or bipolar, may be produced. A unipolar chamber Is created by using 
a tightly collimated alpha source placed close to the negative electrode, thus 
Ionizing only a small part of the chamber space (fig. 10). With this config 
uratlon, most of the positive Ions are collected on the cathode, leaving a 
predominance of negative Ions flowing through the chamber to the anode. The 
bipolar chamber has the alpha source centrally located so that the entire 
chamber space Is subject to Ionization (fig. 11). The unipolar chamber Is 
theoretically a unipolar and bipolar chamber In series (figs. 10 and 12). 

That Is, there Is a purely unipolar section and a section which contains Ions 
of both polarities. 

A comparison of the relative merits of the two types of chamber design 
indicates that the unipolar chamber has approximately three times the sensi- 
tivity of the bipolar configuration. The reason for the Increased sensitivity 
is believed to be due to the fact that there Is less loss of ion carriers by 
recombination, l.e. neutralization of Ions of opposite signs, which occurs In 
the bipolar chamber. This results in a higher signal to-noise ratio and a 
stronger alarm signal to the amplifier circuit. 

The alarm signal In an Ion chamber detector is generated by a voltage 
shift at the junction between a reference circuit and the measuring chamber. 
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1 he voltage shift results from a current decrease in the measuring chamber 
when products of combustion are present. The reference circuit may be either 
electronic or a second ion chamber only partially open to the atmosphere 
(fig. 13). These circuits are referred to as single chamber and dual chamber, 
respectively. The dual chamber has an advantage in the reduction of false 
alarms due to changes in ambient conditions. The reference chamber will tend 
to compensate for slow changes in temperature, pressure, and humidity. 

It should be noted that some ion chamber detector designs are subject to 
changes in sensitivity with varying velocity of air entering the sampling 
chamber. Detectors with unipolar chamber designs move slightly away from alarm 
as velocity increases and are the most stable over wide variations in airflow. 
Detectors with bipolar chamber designs move toward alarm as velocity increases, 
and some may shift sufficiently in the more sensitive direction to trigger a 
false alarm. Care must be taken to choose the appropriate design for the area 
to be supervised. 

Tests have indicated that ion chamber detectors are not suitable for use 
in applications where high ambient radioactivity levels are to be expected. 

The effect of radiation is to reduce the sensitivity. Tests also indicate 
that false alarms can be triggered by the presence of ozone or ammonia. 

Ion chamber detectors are available for both industrial and domestic use. 
Models are produced for both single station and system applications. Power 
supply requirements vary from 240 and 120 V ac or 6 to 24 V dc for use with 
fire alarm systems to battery powered units using 9 to 13.5 V dc for residen- 
tial use. 


Photoelectric Detectors 

The presence of suspended smoke particles generated during the combustion 
process affects the propagation of a light beam passing through the air. This 
effect can be utilized to detect the presence of a fire in two ways: 

(1) attenuation of the light intensity over the beam path length, and 

(2) scattering of the light both in the forward direction and at various angles 
to the beam path. 

The theory of light attenuation by aerosols dispersed in a medium is 
described by the Lambert-Beer Law. It states that the attenuation of light is 
an exponential function of the beam path length (1), the concentration of 
particles (c), and the extinction coefficient of the particles (k). This 
relationship is expressed as follows (ref. 12): 


where 1 is the transmitted intensity at length 1 and I 0 is the initial 
(clear air) intensity of the light source. 

Smoke detectors that utilize attenuation consist of a light source, a 
light beam collimating system, and a photosensitive cell (fig. 14). In most 
applications, the light source is an Incandescent bulb, but lasers and light 
emitting diodes (LED's) are also used in newer photoelectric aerosol detectors. 
Light emitting diodes are a reliable long life source of illumination with low 
current requirements. Pulsed LED's can generate sufficient light intensity 
for use in detection equipment. 
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The photosensitive device may be either a photovoltaic or photoresistive 
cell. The photovoltaic cells are usually selenium or silicon cells, which 
produce a voltage when exposed to light. These have the advantage that no 
bias voltage Is needed, but. In most cases, the output signal Is low and an 
amplification circuit Is required. These units alarm when the photocell output 
Is reduced by attenuation of the light as It passes through the smoke In the 
atmosphere between the light source and the photocell. Photoresistive cells 
change resistance as the Intensity of the Incident light varies. Cadmium sul- 
fide cells are most commonly employed. These cells are often used as one leg 
of a Wheatstone bridge, and an alarm Is triggered when the voltage shift In the 
bridge circuit reaches a predetermined level related to the light attenuation 
desired for alarm. 

In practice, most light attentuatlon or projected beam smoke detection 
systems are used to protect large open areas and are Installed with the light 
source at one end of the area to be protected and the receiver (photocell/relay 
assembly) at the other end. In some applications, the effective beam path 
length Is Increased by the use of mirrors. Projected beam detectors are gen- 
erally installed close to the celling, where the earliest detection Is possible 
and false alarms resulting from Inadvertent breaking of the beam are minimized. 

Although most systems employ a long path length and separation of the 
light source and the receiver, there are spot-type detectors which operate by 
light attenuation. One such unit uses a 0.19-m ( 7 . 8- In.) light path with a 
sealed reference chamber and an open sampling chamber, each containing a photo- 
cell. Presence of smoke In the sampling chamber results In a voltage reduction 
from Its selenium photocell, which Is measured by a bridge circuit containing 
the photocell from the reference chamber (fig. 15). 

There are several problems associated with projected beam detection. 

Since these devices are essentially line detectors, smoke must travel from the 
point of generation Into the path of the light beam. This may take time and 
allow the fire to develop headway before the alarm Is sounded. In addition, 
for large protected areas where long beam path lengths are necessary, consid- 
erable smoke must be generated In any small segment of the beam in order for 
sufficient attenuation to be achieved. Two common ways of Increasing the sen- 
sitivity of the system are by the use of multiple beams or reflecting mirrors 
that would pass the beam through the smoke more than once. Finally, continuous 
exposure to light can damage or accelerate the aging of photocells, resulting 
In Increased maintenance and possible system failure. 

Scattering results when light strikes aerosol particles In suspension. 
Scattered light reaches Its maximum Intensity at an angle of about 27° from 
the path of the beam in both the forward and backward directions and the 
scattered light Intensity is at a minimum In a direction perpendicular to the 
beam path. The Intensity of scattered light Is also related to particle size 
and the wavelength of the Incident light. This intensity, as described by 
Rayleigh's theory for particles with diameters less than 0.1 times the wave- 
length of the Incident light, Is directly proportional to the square of the 
particle volume and inversely proportional to the fourth power of the wave- 
length. The theory of scattering for larger particles, from 0.1 to 4 times 
the wavelength of the incident light, has been defined by Mie. These theories 
of light scattering are valid only for Isotropic spherical particles and are 
very complex. However, smoke particles from a fire consist of a nonhomogeneous 
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mixture of particles, which are often neither spherical nor isotropic, and 
scattering intensities must be determined empirically for each aerosol mixture. 

Smoke detectors utilizing the scattering principle operate on the forward 
scattering of light which occurs when smoke particles enter a chamber or laby 
rinth. The presence of smoke will increase the forward scattering of light 
from 10 to 12 times, but the intensity of the scattered light will decrease as 
the angle between the beam path and the photocell increases beyond 27°. The 
photocells used in these detectors may be either photovoltaic, or photoresis- 
tive. Typical component configurations are shown in figure 16. These units 
are of the spot type and may be used as single station devices with self- 
contained power supply and alarm or as part of an Integrated system with remote 
power supply, alarm, and zone- indicating hardware. 


FLAME DETECTION 
Types 

Flame detectors optically sense either the ultraviolet (UV) or Infrared 
(IR) radiation given off by flames or glowing embers. Flame detectors have 
the highest false alarm rate and the fastest detection times of any type of 
fire detector. Detection times for flame detectors are generally measured in 
milliseconds from fire ignition. 

Flame detectors are generally only used Tn high hazard areas such as fuel 
loading platforms, industrial process areas, hyperbaric chambers, high ceiling 
areas, and any other areas with atmospheres in which explosions or very rapid 
fires may occur. Flame detectors are "line of sight" devices as they must be 
able to "see" the fire, and they are subject to being blocked by objects placed 
in front of them. However, the Infrared type of flame detector has some capa- 
bility for detecting radiation reflected from walls. In general, the use of 
flame detectors is restricted to "No Smoking" areas or anywhere where highly 
flammable materials are stored or used. 

Infrared Detectors 

Infrared detectors basically consist of a filter and lens system to screen 
out unwanted wavelengths and focus the incoming energy on a photovoltaic or 
photoresistive cell sensitive to the Infrared. Infrared radiation can be 
detected by any one of several photocells such as silicon, lead sulfide, 
indium arsenide, and lead selenide. The most commonly used are silicon and 
lead sulfide. These detectors can respond to either the total IR component of 
the flame alone or in combination with flame flicker in the frequency range of 
5 to 30 Hz. 

Interference from solar radiation in the Infrared region can be a major 
problem in the use of Infrared detectors receiving total IR radiation since 
the solar background Intensity can be considerably larger than that of a flame 
signal from a small fire. This problem can be partially resolved by choosing 
filters which exclude all IR except in the 2.5 to 2.8 pm and/or 4.2 to 4.5 pm 
ranges. These represent absorption peaks for solar radiation due to the pres- 
ence of CC >2 and water in the atmosphere. In cases where the detectors are 
to be used in locations shielded from the sun, such as in vaults, this 
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filtering is not necessary. Another approach to the solar interference prob- 
lem is to employ two detection circuits. One circuit is sensitive to solar 
radiation in the 0.6 to 1.0 ym range and is used to indicate the presence of 
sunlight. The second circuit is filtered to respond to wavelengths between 
2 and 5 ym. A signal from the solar sensor circuit can be used to block the 
output from the fire sensing cell, giving the detection unit the ability to 
discriminate against false alarms from solar sources. This is often referred 
to as a "two color" system, for most applications, flame flicker sensor cir- 
cuits are preferred since the flicker or modulation characteristic of flaming 
combustion is not a component of either solar or manmade interference sources. 
This results in an improved signal to noise ratio. These detectors use 
frequency sensitive amplifiers whose inputs are tuned to respond to an alter- 
nating current signal in the flame flicker range (5 to 30 Hz). 

Flame detectors are designed for volume supervision and may use either a 
fixed or scanning mode. Ihe fixed units continuously observe a conical volume 
limited by the viewing angle of the lens system and the alarm threshold. The 
viewing angles range from 16 to 1/0° for typical commercial units. One scan- 
ning device has a 120-m (400 ft) range and uses a mirror rotating at 6 rpm 
through 360° horizontally with a 100° viewing angle. The mirror stops when a 
signal Is received. To screen out transients, the unit alarms only if the 
signal persists for 15 sec. 

There are also detectors of this type designed to respond to passing 
sparks or flame fronts in piping such as in textile mills. Ihe detector looks 
for glowing lint fibers in air ducting, which might cause fires in the down 
stream filters. The detector turns on a water spray, which extinguishes the 
glowing fiber before it reaches the filter. Of course, these detectors would 
not contain the flicker circuit. 

Ultraviolet Detectors 

Ihe ultraviolet component of flame radiation is also used for fire detec 
tion. The sensing element may be a solid state device such a silicon carbide 
or aluminum nitride, or a gas- filled tube in which the gas is ionized by UV 
radiation and becomes conductive, thus sounding the alarm. Ihe operating 
wavelength range of UV detectors is in the 0.17 to 0.30 ym region and in that 
region they are essentially insensitive to both sunlight and artificial light. 
The UV detectors are also volume detectors and have viewing angles from 90° or 
less to 180°. 

Ihe combination of UV 1R sensing has been applied to applications in air- 
craft and hyperbaric chamber fire protection. These complex devices alarm 
when there is a predetermined deviation from the prescribed ambient UV- 1R dis 
crimination level in conjunction with a signal from a continuous wire overheat 
detector, the analysis being performed by an onboard minicomputer. 


SUBMICR0MF. I tR PARI 1CLE COUNTING DF.IF.C10RS 

During the earliest stages of thermal decomposition, in the pyrolysis or 
precombustion stage, large numbers of submicrometer size particles are pro- 
duced. These particles fall largely in the size range between 0.005 and 
0.02 ym. Although ambient conditions normally find such particles in 



concentrations from several thousand per cubic centimeter In a rural area to 
several hundred thousand per cubic centimeter In an Industrial area, the pres- 
ence of an Incipient fire can raise the submicrometer particle concentration 
sufficiently above the background levels to be used as a fire signal. 

Condensation nuclei are liquid or solid submicrometer (0.001 to 0.1 ym) 
particles which can act as the nucleus for the formation of a water droplet. 

By use of an appropriate technique, submicrometer particles can be made to act 
as condensation nuclei on a one particle-one droplet basis, and the concentra- 
tion of particles Is measured by photoelectric methods. A mechanism for per- 
forming this function Is shown schematically in figure 17. An air sample 
containing submicrometer particles is drawn through a humidifier where It Is 
brought to 100 percent relative humidity. The sample then passes to an expan- 
sion chamber where the pressure is reduced with a vacuum pump. This causes 
condensation of water on the particles. The droplets quickly reach a size 
where they can scatter light. The dark field optical system In the chamber 
will allow light to reach the photomultiplier tube only when the water droplets 
are present to scatter light. The output voltage from the photomultiplier 
tube is directly proportional to the number of droplets ( 1 . e . , the number of 
condensation nuclei) present. 

The system uses a mechanical valve and switching arrangement to allow 
sampling from up to 4 detection zones with as many as 10 sampling heads per 
zone. Each zone Is sampled once per second for 15 sec. All four zones are 
sampled each minute. The system Is nominally set to alarm at concentrations 
exceeding 8X10 11 particles per cubic meter, although It is possible to select 
different thresholds for each zone depending on the background noise and the 
sensitivity required. It Is also possible to have the sensitivity vary for 
conditions differing with time of day. The system design Is such that, with 
the maximum sample travel distance from the most remote sampling head, fire 
will be detected within 2 min of the time the products of combustion first 
reach a sampling head. 


SELECTION OF DETECTORS 

When laying out a fire detection system, the design engineer must keep In 
mind the operating characteristics of the individual detector type as they 
relate to the area protected. Such factors as type and quantity of fuel, pos- 
sible Ignition sources, ranges of ambient conditions, and value of the protec- 
ted property are critical In the proper design of the system. Intelligent 
application of detection devices using such factors will result In the maximi- 
zation of system performance. Table I is a summary of fire detector applica- 
tion criteria as they are discussed In this section. 

Heat detectors have the lowest cost and false alarm rate but are the slow- 
est In response. Since heat tends to dissipate fairly rapidly (for small 
fires), heat detectors are best applied In confined spaces, or directly over 
hazards where flaming fires could be expected. Heat detectors are generally 
Installed on a grid pattern at either their recommended spacing schedule or at 
reduced spacing where beams or joists may Impede the spread of the hot gas 
layer, for faster response. The operating temperature of a heat detector Is 
usually selected at least 14 °C (25 °F) above the maximum expected ambient 
temperature In the area protected. Pneumatic heat detection systems have a 
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device known as a "blower heater compensator," which is used to prevent false 
alarms due to the sharp initial heat from ceiling mounted unit heaters. 

Smoke detectors are higher in cost than heat detectors but are faster in 
responding to fires. Due to the greater sensitivity of these detectors, false 
alarms can be more frequent, especially if the detectors are not properly 
located. Smoke detectors do not have a specific space rating except for a 9-m 
(30 ft) maximum guide derived from the UL full-scale approval tests which they 
must pass. Grid type installation layouts are usually not used, since smoke 
travel is greatly affected by air currents in the protected area. Thus, smoke 
detectors are usually placed by engineering judgment based on prevailing con- 
d i lions . 

Since smoke does riot dissipate as rapidly as heat, smoke detectors are 
better suited to the protection of large, open spaces than heat detectors. 

Smoke detectors are more subject to damage by corrosion, dust, and environmen- 
tal extremes than the simpler heat detectors because smoke detectors contain 
electronic circuitry. They also consume power, so the number of smoke detec- 
tors which can be connected to a control unit may be limited by the power 
supply capabi 1 i ty . 

Photoelectric smoke detectors are particularly suitable where smoldering 
fires or fires involving low temperatures pyrolysis of PVC wire insulation may 
be expected. Ionization smoke detectors are particularly suitable where flam 
irtg fires involving any other materials would be the case. The particle court 
ter detector responds to all particle sizes equally, so it may be used without 
regard to the type of fire expected. These systems, however, are fairly 
expensive and complex to install and maintain. The design and layout of the 
sampling tubes is critical and must be done by someone familiar with the 
equipment. 

Flame detectors are extremely fast responding but will alarm to any source 
of radiation in their sensitivity range, so false alarm rates are high if they 
are improperly applied. Flame detectors are usually used in hyperbaric cham 
bars and flammable material storage areas where no flames of any sort are 
a 1 1 owa b 1 e . 

Flame detectors are "line of sight" devices, so care must be taken to 
ensure that they can "see" the entire protected area and that they will not be 
accidentally blocked by stacked material or equipment. Their sensitivity is a 
function of flame size and distance from the detector, and some detectors can 
be adjusted to ignore a small flame at floor level. Their cost is relatively 
high, but they are well suited for areas where explosive or flammable vapors 
or dusts are encountered as they are usually available in "explosion proof" 
housings . 


FIRE MODELS 

Over the past decade, considerable progress has been made in understanding 
the processes of fire. While there is still much to be learned, the current 
understanding is such that fairly accurate predictions of the impact of a fire 
in a compartment can be made using computer simulation techniques. These fire 
models can predict the production and distribution of energy and mass within 
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a series of interconnected compartments over time, and the effect of exposure 
to these combustion products on occupants, equipment, and the structure Itself. 
Thus, one possible use of these models is to evaluate the response of detection 
devices required to provide the desired level of safety to occupants or criti- 
cal equipment without being so sensitive that excessive false alarms are 
experienced . 

The concept of designing a detection system such that it responds prior 
to the fire reaching a specified energy release rate was recently introduced 
into the National Fire Protection Association Standard on Detection Devices 
(72E). Here, a model was used to develop a set of curves for detector activa- 
tion as a function of Installed spacing for various celling heights, fire 
growth rates, and detector characteristics (e.g., thermal time constant). The 
designer decides on a fire size (energy output) at activation for the antici- 
pated fire within the protected space and determines the detector spacing 
necessary for the actual compartment ceiling height. 


TABLE I. - SUMMARY OF DEI EC FOR APPLICATION C0NSIDERA1 IONS 


Detector 

type 

Response 

speed 

False alarm 
rate 

Cost 

Application 

Heat 

Smoke 

Flame 

Particle 

Slow 

Fast 

Very fast 
Fast 

Low 

Medium 

High 

Medium 

Low 

Medium 

High 

High 

Confined spaces 
Open or confined spaces 
Flammable material storage 
Open spaces - high value 
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CELLOPHANE 



Figure 1. - Line- type fire detection cable using Insulated parallel wires. 
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Figure 2. - Line- type fire detection cable using a glass semiconductor. 
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Figure 5. 
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Figure 3. - Bimetal snap-disc heat detector. 
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Figure 4. - Pneumatic- type heat detector. 



- Rate of rise fixed- temperature detector using a bimetal element. 
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igure 6. - Rate of rise fixed temperature detector using a eutectic metal. 



ELECTRICAL 
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Figure 7. - Rate- compensation detector. 



ALPHA SOURCE 


Figure 8. Ionization of chamber air space. 
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ALPHA SOURCE 

Figure 9. - Effect of aerosol In Ionized chamber. 



Figure 10. - Unipolar Ion chamber. 



Figure 11. - Bipolar ion chamber. 


21 



bipolar 


unipolar 


-0 

©* 

O 


0 * 


0 * 


©► 


0 * 


Figure 12. Unipolar ion chamber consisting of theoretical unipolar and 
bipolar ion chambers in series. 
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Figure 14. - Beam- type light attenuation smoke detector. 
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SELENIUM CELL SMOKE CHAMBER LENS 

Figure 15. - Spot-type light attenuation smoke detector. 
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Figure 16. - Light-scattering smoke detectors. 


LIGHT SOURCE 



AIR + 
PARTICLES 


-EXPANSION CHAMBER 
|Ji 


PRESSURE 

REGULATOR 


HUMIDIFIER PHOTOCELLVT^/ 


U* VACUUM 
r* PUMP 


/I 


ROTARY 
VALVE 
AND 
DRIVE 
5 CPS 


l / H power 

11 SUPPLY 






HIGH VOLTAGE 


IMA-I500JL 
STRIP RECORDER 


H AMPLIFIER 


U PEAK 
VOLTMETER 



READ OUT 


Figure 17. - Schematic of condensation nuclei particle detector. 
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INTRODUCTION 

The state of the art in the flammability testing has been changing 
rapidly. In this paper, the progress in developing general test methods for 
solid materials and products exposed to an external fire will be reviewed, the 
special requirements pertinent to environments of concern to NASA will be 
examined, and some indications for possible directions for future test method 
developments will be given. 


F I.AMMABILl 1 Y ENGINEERING TESTS 

Flammability tests developed in the 1950's and the 1 960 1 s tended to be of 
a very ad hoc nature. Typically, some problem materials were identified, and 
a program was launched to eliminate their use by finding some test, often of a 
Bunsen burner type, which would fail some of them, while allowing more desir 
able materials to pass. In those times, this was a reasonable course of 
action, since the underlying combustion physics and chemistry were largely 
unknown. Most of the existing tests on the books are still of this philosophy. 
Ihe latest compilation, for example, by the American Society for Testing and 
Materials ( AST M ) lists 70 distinct flammability test methods, most of them of 
this ad hoc nature (ref. 13). Recently, however, the philosophy of designing 
proper tests has changed considerably. It is taken that a useful test is a 
full scale fire test, where the test article is subject to a worst design case 
scenario. The results can usually be interpreted fairly directly. Standardi- 
zation of such a test is not necessarily desirable, since, by definition, it 
must incorporate project- spec 1 f 1c features. Nonetheless, AST M has seen fit to 
establish both a guide (ref. 14) and a standard (ref. 15) for room fire tests. 

In most Instances of fire safety engineering, full scale testing is not 
appropriate, and suitable bench scale tests must be sought. It can now be seen 
that bench- scale tests can be used to serve at least three different purposes: 

(1) Prediction of expected full-scale behavior 

(2) Quality control assurance in manufacturing 

(3) Guidance in product development 

The advances of the last 15 years or so in fire physics and chemistry have 
enabled a systematic approach to be taken for producing tests suitable to meet 
objective (1). The steps required are as follows: 

(1) Identify the governing physical and chemical principles of the phenom 
enon to be measured. 
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(2) Design a candidate bench- scale test using these principles. 

(3) Identify the range, best to worst, of relevant full-scale product 
behaviors and assemble specimens having those expected traits. 

(4) Assemble a data base by testing this range of specimens at full scale 
and gather data using Instruments appropriately designed to measure the govern 
ing physical and chemical phenomena. 

(5) Conduct bench-scale tests, varying empirically those features of fire 
behavior that cannot be assigned known constant values. 

(6) Attempt to correlate the bench-scale results against the full-scale 
data base. 

(7) Select those bench-scale test protocol features that lead to the best 
correlation with the full-scale data. 

Examples Illustrating the details of such a procedure have been published 
for determining the rates of heat release of upholstered furniture (refs. 16 
and 17) and both time to flashover (ref. 16) and rate of heat release (ref. 18) 
for combustible wall lining materials. 

Objective (2), tests for quality control (QC), traditionally constituted 
a very large family of tests. Here the requirements are that the test must be 
highly sensitive to small variations In the specimen's physical or chemical 
properties, that It be well repeatable, and that it be simple and Inexpensive 
to conduct. The stringent rules of validity that are required of a test for 
objective (1) are not required. A much looser requirement for validity here 
Is merely that most production- 1 Ine changes, which can possibly occur in manu 
facturlng to affect the flammability of the specimen, should be reflected in a 
statistically significant deviation in the test's results. The ASIM standards 
contain a very large number of examples of these types of tests. Because of 
Its application to the aerospace industry (e.g., the European Space Agency 
adopted It for qualifying Group 1 materials (ref. 19)), one example, the Limit 
Ing Oxygen Index (LOI) Test (ref. 20), is discussed here. 

The L01 test involves the candle- like burning of a rod of plastic mate 
rial. The apparatus Is supplied with an adjustable oxygen/nitrogen flow mix 
ture; the test requires that the minimum concentration of oxygen be found for 
which the specimen will continue burning downward without flame extinction. 
Since the results are quoted as an oxygen concentration, the results have 
widely been Interpreted to suggest that a material will not burn in a given 
atmosphere If Its LOI is greater than the oxygen concentration In that atmo 
sphere. Such, of course, is not the case at all. A number of theoretical 
analyses of the method have been made (refs. 21 to 23). These show that the 
LOI value, far from reflecting a general property of the material, simply 
determines the oxygen concentration for which laminar, downward, against the- 
wlnd flame spread ceases in the absence of external heating. The test, in 
fact, has nothing to do with burning rates at all, but Is a flame spread test 
of a very specific geometry, with data unlikely to be applicable to differing 
geometries. It has become understood within the fire protection engineering 
community that the test should not be used to predict actual fire hazard con- 
ditions, but it may be a satisfactory quality control test, due to its high 
sensitivity. 
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Tests for objective (3), guidance In product development, do not, In prin 
clple, need to be standardized, since they are to be used only Internally 
within an organization. In practice, however, Industry tends to use published 
AS I M and other standard tests. The requirements for a good development test 
are somewhat different than those for a QC test. A good development test must 
not show crossovers In ranking of materials or products, when compared to full- 
scale behavior. Its sensitivity Is of less concern, however, since minute 
performance differences would probably not make It worthwhile to redesign a 
system. 

There have not been any comprehensive studies to determine which existing 
flammability tests are suitable for QC or product development purposes. This 
type of guidance Is usually developed within a given Industry on the basis of 
experience. It must be emphasized, however, that It Is never prudent to use a 
test method as a bench-scale means of assessing the full-scale hazard solely 
on the basis of Its good history of performance as a QC or development test. 


MODtRN CONCEPTS OF TEST METHOD DEVELOPMENT 

The understanding of fire development In compartments has been advancing 
substantially In the last decade, to the point now that there are general pur- 
pose computer codes for predicting fire development (e.g., refs. 24 and 25). 
These codes have been based on an elucidation of the physics of the fire pro- 
cess (ref. 26). The process has three major components that need to be 
evaluated: 

(1) Ignition 

(2) Flame spread 

(3) Burning and product generation rates 

Ignition 

Ignition here will be assumed to be from an external source of heat or 
fire. In some design cases, a unique Ignition source will be seen to exist. 

In many other cases, the substance can be Ignited from several different exter- 
nal events. It is important to realize that there are theories available that 
can be used to explain an Ignition that comprises a uniform heating of a planar 
face (e.g., ref. 27). The modeling of Ignition from a concentrated, point 
source is difficult and has not been solved (ref. 28). A Bunsen burner repre- 
sents a concentrated, nonuniform source; thus data obtained from Bunsen burner 
tests are not readily usable in modern fire protection engineering designs. 

As an additional, practical consideration, some materials, which shrink or melt 
upon heating, can often pass a Bunsen burner test by retreating from the fire, 
yet they can show serious ignition propensities In actual fire experience. 

In addition to the geometric complexity, a specification has to be made 
whether a primarily radiant or a primarily convective heat source is to be 
utilized. Hermance (ref. 29) has urged that radiative sources be selected due 
to the consequent "ability to select the heat flux applied. . .independently of 
all other environmental parameters: namely, pressure, initial temperature, and 

chemical composition of the gas phase." In most cases, also, a well-calibrated 
radiant source is easier to devise than a convective one, and results are 
easier to analyze. 
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h o r such reasons, the International Organization for Standardization (ISO) 
adopted a radiant exposure method as its ignitibility test (ref. 30). ASIM 
lists a number of Bunsen burner type tests, but no uniform flux ignitibility 
methods, per se. There is one ASIM method, E906 (ref. 31), which can be used 
to measure radiant ignitibility; unfortunately the heating fluxes are not well 
controlled there. There is also a new proposed ASIM method, P-190 (ref. 32), 
which is primarily a heat release rate method, but which uses a cone heater 
similar to the ISO method, producing a highly uniform flux distribution over 
the specimen surface. Recent work (ref. 33) has shown that this method leads 
to useful, high-quality ignition data, although the ultimate goal of complete 
apparatus independence of results may never be achieved with real Instruments. 

Flame Spread 

Solid materials may be ignited at a point, or they may be ignited over a 
large exposed area; nonetheless, in most fires there is a period where material 
not yet involved in fire gets progressively involved by flame spread. Thus, 
it is important to be able to characterize this process. Flame spread has 
traditionally been measured in the ASIM F.84 tunnel (ref. 34). The F.84 tunnel 
is a large-scale Instrument; many other ASIM tests and also tests such as the 
Federal Aviation Administration test FAR 25.853 (ref. 35) are small Bunsen 
burner tests where the spread of flame is observed. Results from these types 
of tests are given as ratings on arbitrary scales and cannot be analyzed within 
the current day modeling capabilities. Lacking this modeling, such data cannot 
be reinterpreted in the context of a new design geometry. 

Newer tests for flame spread are being developed. An example is the 
International Maritime Organization (1M0) flame-spread test (fig. 1, ref. 36), 
the behavior of which has been analyzed according to theory (ref. 37). It 
should be noted, however, that the full incorporation of appropriate flame- 
spread features into fire models is difficult, although attempts are being made 
for walls and for upholstered furniture items (ref. 38). 


Burning and Product Generation Rates 

Ihe third combustion behavior that must be considered is the burning rate. 
In older literature this is sometimes confused with what is nowadays described 
as flame spread rate. Burning rate is the mass loss rate of a specimen when 
it is fully ignited, with flame spread having covered its entire face. The 
units are typically expressed as kg/m 2 s. Product generation rates include 
a number of related properties, which are distinguished by being proportional 
to the specimen mass loss rate. Heat release rate (kW) can be viewed as the 
product of the mass loss rate, times the instantaneous effective heat of com 
bustion (kJ/kg), although it is not desirable to measure it in that manner. 
Sometimes, also, the term burning rate is used to mean heat, Instead of mass 
loss rate. Besides heat, the combustion products generated include various 
gases of Interest for toxicity determinations, and also soot and smoke. 

Ihe earliest bench scale instrument for rate of heat release measurement 
was the ASIM K906, developed in the late 1 960 ' s . This instrument is based on 
a direct measurement of sensible enthalpy and is subject to substantial errors, 
since adiabatic conditions are not maintained. It also lacks means of measur- 
ing the specimen mass. A major breakthrough occurred in the 1970' s, when the 
principle of oxygen consumption (ref. 39) was developed. This principle allows 
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rate of heat release to be determined Indirectly by monitoring oxygen concen- 
trations and flows and has provided a much more reliable technique for use In 
both full-scale and bench-scale fire testing. For bench-scale testing, this 
principle has been Incorporated Into the Cone Calorimeter (ref. 40). The Cone 
Calorimeter (fig. 2), In addition to being a proposed ASTM test method 
(ref. 32), also has been selected as the apparatus for a proposed ISO rate of 
heat release standard. 

Over the last two decades, smoke has been most commonly measured by using 
the NBS Smoke Chamber method (ref. 41). This has been considered to be the 
best standard on the books, but Its 1 Imitations- 1 1ml ted flux range, no hori- 
zontal orientation, no mass monitoring during the test, and the Inability to 
properly test heavier samples- have shown a need for a newer technique. Such 
a technique has been developed. In the form of a smoke extinction beam for the 
Cone Calorimeter (fig. 3, ref. 40). This new technique eliminates these Smoke 
Chamber shortcomings. The fraction of specimen mass converted to soot mass Is 
a quantity that Is related, but not redundant, to the smoke extinction measure- 
ment. Thus, for research purposes, the Cone Calorimeter Is also equipped with 
a gravimetric soot measuring system. 

Progress Is being made at a rapid pace In characterizing the fire toxicity 
of materials by the use of an appropriately specified set of gas measurements 
(ref. 42). For obtaining the relevant combustion gas data, the efforts at NBS 
are focused on using the Cone Calorimeter. This technique Is still under 
development, however, so recommended procedures are not yet finalized. 


THE EFFECTS OF VARIABLES OF SPECIAL INTEREST TO NASA 


Oxygen Concentration 


Ignition of solids from radiant heating may be understood most readily as 
occurring at a time when there Is a critical rate of pyrolysis products leaving 
the surface (ref. 43). This rate Is typically seen to be about 1 to 
4x10*3 kg/m^-s In Ignitions under normal oxygen conditions and Is presumed to 
correspond to the lower flammable limit being attained for the mixture above 
the surface of the material. It Is reasonable to suppose that varying oxygen 
concentrations would change the minimum pyrolysate generation condition by 
reflecting the new fuel vapor concentration required at the new oxygen value. 


Experimental work In this area has been largely confined to studies of 
solid rocket propellants. A theory by McAlevy et al. (ref. 44) suggests that 
the Ignition time t}g n should depend on the oxygen mass fraction m ox 
to the minus two-thlras power; however his experimental results show that the 
dependence Is of the order of the minus 1.2 to 1.5 power of the oxygen mass 
fraction. 


Kumar and Hermance (ref. 45) also conducted a theoretical study of propel- 
lant Ignition. Evaluated for various material properties, their results typi- 
cally show that Ignition time depends on oxygen mass fraction to the minus 1 to 
2 power for mass fractions greater than 0.20. For lower oxygen mass fractions, 
Ignition time Is Independent of oxygen mass fraction. 

The solid propellant studies, however, characterized heterogeneous sys- 
tems, where an oxidizer Is already mixed In with the fuel. For accidental 
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fires, the condensed phase will most likely be pure fuel, with no oxidizer 
admixture. A theoretical analysis of this case by Kashlwagl (ref. 46) showed 
that for oxygen mass fractions below 0.20, there Is a substantial variation of 
Ignition times, but that the actual relationship Is strongly dependent on the 
exact Ignition criterion chosen. For higher oxygen mass fractions, however, 
Ignition time was seen to be only very slightly dependent on oxygen fraction, 
dropping about 10 percent as the mass fraction goes from 0.23 to 1.00. 

Flame spread over solid combustibles can take place In several different 
domains of behavior, the details of which will not be reviewed here. The 
effects of oxygen concentration, however, have been of concern for quite some 
time. In an early review (ref. 47), Magee and McAlevy found that for several 
geometrical and flow arrangements, the flame spread velocity V was related 
to the oxygen mole fraction Y ox In a power law relationship, with V of 
the order of Y ox squared. In a more recent examination of this dependency, 
Fernandez-Pello and Hlrano (ref. 48) found that It holds only for large Vox 
values. For lower oxygen concentrations, the dependence of the flame spread 
rate on oxygen mass fraction becomes progressively greater, approaching an 
Infinite-slope asymptote at the Y ox value at which extinction occurs. In 
an experimental study of flame spread over paper specimens, Frey and T'len 
(ref. 49) found a dependency, In their case, to the first power of Y ox at 
high Yox values, and a similarly Increasing power-law dependency at low 
oxygen values. Altenklrch has suggested (ref. 50) that oxygen fraction Is 
among the variables which may be successfully correlated by the use of the 
Damkohler number. 

The effects of oxygen level on the mass loss rate m" have been studied 
In detail by Tewarson (refs. 51 and 52) and Santo (ref. 53). For some mate- 
rials, they found a direct, linear relationship between Y 0 x and the burning 
rate. This relationship remains linear down to the lowest Y 0 x value at which 
combustion Is sustained, but the relationship has an offset, that Is, 


For other materials. Including ones showing charring, however, this linear 
relationship leveled off at higher Y ox values. 


Total Pressure 

Similarly as for oxygen effects, the total pressure Is expected to affect 
the Ignltlblllty of a material Indirectly by Its effect on the lower flammable 
limit. For many materials, over a fairly wide range of pressures, the lower 
flammable limit Is not significantly affected by total pressure (ref. 54). The 
early propellant studies of McAlevy et al. (ref. 44) showed a theoretical 
dependence of Ignition time to total pressure P^t to the minus 1.44 power, 
while corresponding experimental measurements gave a dependence to the minus 
1 .77 power. 

Very similar results are also reported by Kumar and Hermance (ref. 45). 

The work of Beyer and Fishman (ref. 55) suggests that the pressure dependence 
becomes small at low heat fluxes (such as might be expected from an accidental 
fire), provided the value of P^ 0 ^ Is not also low. 
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In a more comprehensive study, Shannon (ref. 56) obtained detailed Igni- 
tion time plots for a number of propellants, covering a wide range of pressures 
and heat fluxes. The effects of pressure were not well represented as a power 
law. Instead, for Pt 0 t greater than about 200 kPa (2 atm), there was 
negligible effect on t ^ gn . For Ptot less than 2 atm, however, the nega- 
tive exponent was Increasingly greater for lower values of Ptot- The exper- 
iments of Kashlwagl et al. on both pure fuels and on propellants (ref. 57) 
Indicate a behavior at very large values of Ptot (>20 atm) where, Instead 
of becoming Independent of Ptot. the Ignition times vary Inversely according 
to total pressure. Ohlemlller and Summerfleld (ref. 58), In a similar study, 
also show a continued dependence of t^ gn on Ptot* even at high Pt 0 t 
values. 

The work of both Kashlwagl (ref. 57) and Ohlemlller (ref. 58) suggests 
that a combined correlation of the effects of oxygen fraction and the total 
pressure should not be sought In the use of 0? partial pressure as a cor- 
relating variable, unless only the regime of large m 0 x and Ptot values 
Is considered and only approximate results are sought. 

Magee and McAlevy (ref. 47) found that for thick fuels the flame spread 
velocity was proportional to slightly higher than the 1/2 power of the total 
pressure. For thin fuels, however, the pressure effect was very tiny, being 
about to the 0.1 power. Frey and T'len, again, studied the variables over a 
wider range (ref. 49) and found a 0.1 power dependence only for thin fuels at 
high (In comparison to the limiting pressure at extinction) pressures and 
spreading vertically down. For horizontal spread the exponent was higher, but 
was not unique, there being a strong coupling between oxygen fraction and total 
pressure effects. In both cases, similarly as for the oxygen fraction effect, 
the dependence on the total pressure became much greater as the pressure was 
lowered towards the extinction value. Fernandez- Pello and Hlrano (ref. 48) 
found that over a limited range extinction could be represented by a constant 
value of Ptot x Y ox* that ^ s > a constant partial pressure of oxygen. 

Outside of this limited range, however, such a simplification did not hold. 

Test Instruments for measuring burning rates have not typically been built 
to allow pressure to be varied. A pressure modeling program conducted at Fac- 
tory Mutual Research a few years ago (ref. 59) produced results showing that 
over a certain range of test variables, a dependence of the mass loss rate was 
according to the two-thirds power of total pressure. This has not been applied 
In practical materials testing. 


Gravity 

Limited experiments have suggested that the 1 gn Itlblllty of a material Is 
not significantly affected by a lowered gravity or by microgravity conditions 
(ref. 60). This Is In agreement with the findings of Strehlow and Reuss 
(ref. 61), who concluded that gravity had but a minor effect on the lower limit 
of flammability. 

Experiments by Klmzey (ref. 60), Schrelhans (ref. 62), and Altenklrch 
(refs. 50 and 63) suggest that as far as flame spread Is concerned, for gravi- 
tational values much greater than that on earth, there Is negligible effect of 
gravity. For gravity levels equal to earth's gravity, there Is some disagree- 
ment whether the dependence Is significant or not (ref. 63). At microgravity 
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levels, however. It is evident that flame spread rates may be reduced by an 
order of magnitude or more (ref. 60). 

Some very early experiments (ref. 64) indicated that, once ignited, a 
material is likely to burn even through periods of weightlessness. Hall's 
study suggested that burning was in some sense accelerated during weightless- 
ness (ref. 64). In general, extensive studies have not been made of the 
effects of gravity on burning rates. For small items, where convective effects 
dominate, it would be expected that the burning rate would follow Spalding's 
B-number theory (ref. 65). This theory, for example, predicts that the burning 
rate of a small sphere will be proportional to the 1/4 power of g. The burning 
of larger items tends to be dominated by radiative transfer. Here the effects 
of gravity are much smaller and indirect. The only gravity effect will be if 
the sootiness of the flames or the shapes of the radiating bodies are affected; 
this, of course, is possible. 


PRESENT PROCEDURES USED FOR TESTING SPACECRAFT COMPONENTS 

At NASA, the flammability of spacecraft materials is assessed primarily 
using the methods of NHB 8060. IB (ref. 4). This Handbook provides several 
methods, both full-scale and bench-scale, for the flammability testing of solid 
materials. The full-scale procedures Include a sectional mockup (Test 10) and 
a full cabin mockup (Test 11). Both tests are ignited using an electrically 
triggered solid ignitor. Bench-scale procedures Include an upward propagation 
test (Test 1), a less severe downward propagation test (Test 2), a supplemen- 
tary test for flash and fire point (Test 3), and special tests for electrical 
wire insulation (Test 4) and potting compounds (Test 5). Test 1 uses specimens 
6.3 cm wide by 30 cm long and ignited at the bottom by either a solid ignitor 
(for oxygen -enriched atmospheres) or a Bunsen burner. A specimen is acceptable 
if it meets maximum burn time and burn length criteria. Specimens which fail 
these criteria may be qualified under Test 2, which relocates the ignitor to 
the top of the specimen and does not provide specific cutoff criteria. In all 
these Handbook tests, the test is to be conducted at the atmosphere which con- 
stitutes the worst-case condition. 

The European Space Agency (ESA) initially adopted a set of bench-scale 
test procedures (ref. 19) that are somewhat different from those of NASA. The 
ESA basic test was the Limiting Oxygen Index test. While this is different 
from the upward burning Test 1 of NHB 8060. IB, the ESA method proceeded in an 
analogous fashion by describing a downward propagation test for materials that 
do not pass the basic test, and by supplementing with a special wire insulation 
test. Currently, however, ESA is using the NASA procedures for actual testing 
of materials (ref. 66) . 


POSSIBLE FUTURE DIRECTIONS 

It is likely that the intensive development of new test methods and fire 
design procedures going on in the area of fire protection for buildings will 
have some impact on the state of the art of fire-safe design in the aerospace 
environment. Such applications will not be a direct use of design procedures 
developed for buildings, since these take into account neither the special 
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environments of concern in space missions nor the required criteria. The prin- 
ciples themselves, however, may well be introduced into newer generations of 
spacecraft standards. This can be expected because the new generation of tests 
coming into use in the building industry are not conceived of as dedicated 
"widget testers" but, rather, are intended to focus on the fundamental proper- 
ties of materials as they relate to flammability. The most essential of these 
principles for bench-scale testing include the requirements for 

(1) Planar, thermally thick specimens 

(2) The testing of composites as composites. Instead of testing individual 
layers 

(3) Simulated fire exposure to consist of a uniform, adjustable radiant 
flux 

(4) Design of tests to give one-dimensional heat transfer 

(5) Design of apparatus such that specimens do not melt out of holder or 
retreat from their ignition sources 

(6) The measurement of heat, species, soot and smoke on a per-gram basis 

(7) Use of oxygen consumption for measuring heat release rates 

(8) The selection of both irradiance conditions and test times to predict 
full-scale data 

(9) The focus on predicting volume-integrated full-scale variables (e.g., 
heat release rate) instead of point variables (e.g., temperature at a given 
station) 
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Figure 1. - International 


Maritime Organization flame spread apparatus. 



Figure 2. - Cone Calorimeter. 
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FIRE EXTINGUISHMENT AND INHIBITION IN SPACECRAFT ENVIRONMENTS 

John de Ris 

Factory Mutual Research 


BACKGROUND 

The confinement of personnel for long periods of time In the relatively 
small volumes of spacecraft Introduces several unique hazards. In particular: 

(1) the continuous accumulation of trash, which might support combustion; 

(2) the extensive use of fire-retarded materials, which once Ignited tend to 
produce very toxic products of combustion; and (3) the need to rapidly detoxify 
the cabin atmosphere Immediately following a fire since (a) personnel escape 

Is Impractical, (b) venting to space with provision for replacement of the 
cabin atmospheres Incurs a severe design weight penalty, (c) toxic products of 
combustion tend to be highly corrosive, and (d) the assigned spacecraft mission 
must presumably be continued. 

In addition, the use of an artificial atmosphere Inevitably Introduces 
uncertainty as to the ambient oxygen concentration, which strongly Influences 
the potential fire hazards. Materials and extinguishment methods must be 
tested under worst-case conditions corresponding to the maximum oxygen concen- 
tration. Figure 1 (from ref. 67) shows the strong Influence of ambient oxygen 
concentration. Flame temperatures, material Ignltlbl llty, and burning rates 
depend primarily on the ambient oxygen concentration; hence combustion data are 
correlated by the horizontal zones In the figure, defined by limits of mole 
percent oxygen. Human breathing effectiveness, however, depends primarily on 
the partial pressure of oxygen, represented by the broken lines In figure 1 (a 
normal atmosphere has 21-kPa oxygen partial pressure). As a result one could 
noticeably decrease fire hazards by maintaining the partial pressure of oxygen 
corresponding to terrestrial conditions, while Increasing the partial pressure 
of nitrogen to some higher value, perhaps to 200 to 300 kPa (2 or 3 atm). The 
dependence on total pressure (at low total pressures) Indicated In figure 1 Is 
primarily due to changes In buoyancy forces per unit volume. Fortunately, the 
reduction of buoyancy forces tends to reduce fire hazards, because less ambient 
oxidant Is drawn Into the flame zone for support of combustion. 

The virtual elimination of buoyancy forces In a microgravity environment 
Introduces Important fundamental changes In combustion mechanism - even though 
a gentle breeze Is usually present for ventilation purposes. It Is clearly 
Impractical to perform material acceptance tests (and perform realistic fire 
suppression tests) In a microgravity environment. As a result we must rely on 
a thorough theoretical and conceptual understanding of fire behavior mechanisms 
when extrapolating our terrestrial experience to spacecraft conditions. This 
demands a continuing basic research effort to provide a firm scientific founda- 
tion for any proposed extrapolations. For example, the reduced fluid flow 
rates under microgravity conditions result In longer flow residence times, 
probably reducing the effectiveness of extinguishing agents such as Halon 1301 
that act by slowing gas-phase kinetic reaction rates. These longer flow resi- 
dence times may also allow for more soot formation and greater fractional radi- 
ant heat transfer under microgravity conditions. Halon 1301, when Introduced 
Into gaseous hydrocarbon fuels, Is known to strongly encourage soot formation 
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and probably Increase the radiant heat transfer from the flames. While this 
augmented radiant heat transfer may tend to quench the flames, It Is also 
likely to Increase the soot and carbon monoxide output; and It may Induce 
higher overall burning rates If the fire Is large enough to be controlled by 
radiant heat transfer to the pyrolyzlng solid fuel. These Issues clearly 
demand further fundamental research. 

As we approach the 21st century, activities In space will become Increas- 
ingly routine. People will demand higher level of safety from unwanted fires. 
Even today astronauts receive very little fire safety training. Future manned 
spacecraft missions will be of longer duration, be likely to have more objec- 
tives, and be expected to survive accidental fires. Terrestrial fire-safety 
experience dictates that unwanted Ignitions will occur and that the most diffi- 
cult situations will be associated with unexpected fire scenarios. Presumably, 
all anticipated hazards can be controlled by careful design. Thus our major 
challenge at this time Is to choose and develop a suitable general purpose 
fire-fighting technology that can be used to handle unexpected hazards with 
relatively little personnel training. Meanwhile, we should actively pursue the 
relatively easier challenges of designing specific fire protection measures for 
clearly Identified hazards. 


ELECTRONIC EQUIPMENT 

Spacecraft generally have a lot of electronic equipment, which presents a 
likely source of fire Ignition due to overheated components. Such equipment 
is generally In modularized compartments to Insure its reliability and protect 
It from outside electrical, mechanical, and thermal disturbances. In general, 
one needs to gain access to the compartment Interior only when there Is a 
clearly Identified faulty component that must be replaced or repaired. All 
other access generally occurs through panel controls, gauges, and connectors. 
Nowadays, terrestrial computers are sometimes fire-protected by Installing 
self-contained automatic Halon 1301 canister extinguishers within the computer 
cabinet. Halon 1301, however, Introduces severe toxicity and corrosion prob- 
lems. Instead, It might be much more desirable to inert the atmosphere within 
the compartments through use of an onboard nitrogen Inert gas generation system 
(OBIGGS), using molecular sieve or permeable membrane techniques to provide 
continuous purging. The compartments would have to be sealed and possibly pro- 
vided with suitable heat exchangers. This approach would prevent Ignition and 
reduce Its concomitant damage, cleanup, and potential corrosion hazards. It 
would also minimize any fire-induced outgaslng of halogens from circuit boards 
and cable Insulation. The sealing of electronic compartments would be quite 
advantageous In terms of reducing corrosion problems within the compartment due 
to attack by extinguishing agents or products of combustion from fires taking 
place outside the compartment. 


GENERAL-PURPOSE FIRE EXTINGUISHMENT 

It Is essential for spacecraft to be provided with a general-purpose fire 
extinguishing system that Is capable of handling a very broad range of fire 
threats both In terms of origin and magnitude. The choice of extinguishing 
system needs to be made as soon as possible to allow time for technology devel- 
opment tailored to spacecraft environments. Present day general-purpose sys- 
tems Include water sprays, dry powder, foam, C0 2 or N 2 Inerting, and Halon 1301. 
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Dry powder and water-based foam present definite cleanup problems In a 
spacecraft and will not be discussed further here. 


Gaseous Inerting 

Nitrogen Inerting has the advantage over carbon dioxide Inerting of not 
requiring onboard storage of an additional gas. Nitrogen also Introduces fewer 
physiological effects. It, therefore, has definite potential. Recently, the 
U.S. Navy has tested N2-pressur1 zatlon as a method for combating submarine 
fire hazards and has found It to be quite effective. Figure 1 suggests that 
for deep-seated fires Involving glowing combustion (Incomplete combustion), 
oxygen concentration must be greatly reduced through extensive Inerting. Cur- 
rently, the U.S. Navy Is not actively pursuing this approach because the 
onboard storage of extra nitrogen Incurs a considerable weight penalty. Carbon 
dioxide would have an even greater weight penalty, and we shall not consider 
It further here. This leaves only Halon 1301 and water-sprays as candidate 
fire fighting agents, which we shall now consider In more detail. 


Halon 1301 (Bromotrlf luoromethane, CF 30 r) 

Halon 1301 Is a nonflammable gas that chemically Inhibits gas-phase com- 
bustion by releasing bromine atoms, which can repeatedly scavenge OH radicals 
necessary for combustion. On a pound-for-pound basis, It Is typically two-and- 
a-half times more effective than carbon dioxide as a fire-extinguishing agent. 
It Is effective at a volumetric concentration of 6 percent against liquid-fuel 
(Class B) and electrical (Class C) fires as well as most surface fires Involv- 
ing ordinary combustibles (Class A). It Is Ineffective against deep-seated 
(Class A) fires because It does not directly cool the solid fuel and does not 
chemically Impede glowing combustion reactions. Such glowing reactions are 
less Important because they do not spread rapidly and can be extinguished with 
small amounts of water once a fire Is otherwise under control. 

Halon 1301 Itself Is noncorrosive. It Is also the least toxic of the 
various types of Halons at their equivalent fire fighting concentrations. How- 
ever, the products of combustion from fires being suppressed by Halons are 
highly toxic and corrosive. This means that one must achieve rapid fire sup- 
pression and make provision for Immediately cleaning up the atmosphere after a 
fire. This Is a very difficult technological task In a spacecraft environment, 
where one does not have ready access to a supply of fresh air for several vol- 
ume changes while flushing the products out of an occupied cabin. If the per- 
sonnel could retreat to a secure area of the spacecraft, the task would be made 
easier by venting all the contaminated atmosphere to outer space; however, all 
components of the spacecraft would have to be designed to withstand a full 
vacuum. 

The most formidable obstacle to the use of Halon 1301 Is the toxicity of 
the agent In Its original "neat" state. Numerous studies (refs. 68 to 71) have 
been made on Its toxicity, leading to the recommendations summarized In table I 
(refs. 68 and 71 to 73). Reference 69 states: "Three healthy male volunteers 

were exposed to Halon 1301 In a control led-envl ronment chamber for the purpose 
of monitoring their physiological and subjective responses to a series of Halon 
1301 gas concentrations ranging from 1000 parts per million to 7.1 percent for 
periods of 30 minutes. The first untoward responses were observed to occur 
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during exposure to 4.3 percent and 4.5 percent. These consisted of a sensation 
of 1 Ight-headedness and dizziness accompanied by a feeling of euphoria occur- 
ring within 2 minutes of exposure. Exposure to 4.5 percent for 10 minutes 
resulted In an impairment In tests of balance In one of the three subjects. A 
second subject evidenced mild Impairment when exposed for an additional 20 min- 
utes. Exposure to 7.1 percent produced mild changes In tests of balance In one 
Individual and severe Impairment In a second subject who concomitantly experi- 
enced a decrement In eye-hand coordination. In the well-lighted environmental 
chamber all subjects demonstrated their ability to safely exit over a 1-minute 
period from the contaminated zone. No untoward cardiovascular responses were 
observed. The untoward physiological and subjective responses observed were 
short-lived following cessation of exposure." 

It is clear from these studies that a spacecraft would have to be provided 
with some means for chemically cleaning Halon 1301 from the atmosphere follow- 
ing the extinguishment of a small fire. The author Is unaware of any such 
available technology for this purpose. It Is for this reason that the U.S. 

Navy has not seriously considered using Halon 1301 for suppressing submarine 
fires . 


Water Sprays 

Water sprays are effective against fires Involving ordinary solid combus- 
tibles (Class A), liquid fuels (Class B) , and electrical fires (Class C). On 
a pound-for-pound basis, water hand-held extinguishers are about as effective 
as Halon 1301 extinguishers for surface fires and much more effective for deep- 
seated fires. Liquid water extinguishes fires primarily by cooling the vapor- 
izing fuel. Water also cools the fire zone and surroundings as well as provid- 
ing some smothering of the fire. 

Portable hand-held extinguishers producing solid streams are not recom- 
mended for Class B and Class C fires. A short solid stream of water can 
splatter a pool of liquid fuel and might conduct electricity when In contact 
with a high voltage. However, solid streams are very useful when one wishes 
to project the water over long distances. Solid streams of city-water (con- 
taining electrically conducting Ions) present a definite shock hazard when used 
within four feet of high voltage (600 V) equipment. Sprays are not hazardous. 
Shock hazards of accumulated water could presumably be significantly reduced by 
use of a deionizing water filter. 

Fine sprays of water can be remarkably effective against vigorous fires 
In compartments. The U.S. Navy (ref. 74) has extinguished fully developed 
liquid hexane and heptane fires In 0.8-m 2 (9-ft 2 ) and 2.2-m 2 (24-ft 2 ) 
pans within 6- by 6- by 3-m (20- by 20- by 10-ft) enclosures within 9 sec at a 
water application rate of 1.3 1/sec (20 gal/mln). Factory Mutual Research has 
demonstrated similar rapid extinguishment In Its bedroom-fire test series. 
Apparently, the vigorous spray Injection causes the fine drops to be deposited 
on all exposed surfaces preventing further fuel pyrolysis. Extinguishment 
occurs before enough water mist could accumulate In the gas volume to render 
It noncombustible. One would need to have one mass unit of liquid water mist 
for each three mass units of air to reduce the resultant equilibrium flame tem- 
perature to below 1500 K, which Is around the temperature necessary to prevent 
gaseous combustion. Test observations Indicate extinction occurs with far less 
water. Generally, one needs an order of magnitude less water If the water Is 
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used for direct cooling of the pyrolyzlng or vaporizing surface. Fine sprays 
are less effective for shielded fires, although they do cool the surroundings 
and allow access for manual extinguishment. 

The most significant advantages of water sprays for spacecraft fire extin- 
guishment are the absence of adverse toxicological effects, the natural scrub- 
bing action of water drops In cleaning the atmosphere, the ease of agent 
cleanup using the spacecraft ventilation system dehumidifier, the small mass 
of agent needed, and the fact that ample liquid water Is already available on 
the spacecraft for other purposes so that little weight penalty Is Involved for 
fire protection. Electronic equipment subjected to water sprays generally 
recovers full functionality after the liquid water dries out. As discussed 
earlier, It might be desirable to keep spacecraft electronic equipment In 
sealed Inert gas containers to avoid taking the equipment even temporarily out 
of service. 

The use of water sprays In microgravity environments Introduces a variety 
of scientific Issues. There Is a vast literature on the behavior of liquid 
sprays. Computer models are available (refs. 75 and 76) for calculating spray 
dynamics with and without gravity. These models follow Individual typical drop 
trajectories and Include effects of turbulence on the gas-flow dynamics. A 
suitable water pressure, spray angle, and orifice diameter need to be chosen 
to provide the desired nozzle water-flow rate and drop diameter leading to 
rapid deposition of water on exposed fuel surfaces. It might be desirable to 
employ a hose line with an adjustable nozzle similar to that of a garden hose 
to control the water flow rate and throw distance of the spray. 

It would be useful to employ these computer models to study the effects 
of water- flow rate, drop size, and spray momentum on the speed and uniformity 
of water deposition on shielded and unshielded surfaces with and without the 
presence of forced ventilation. Very fine drops can be carried by the general 
gas motion behind shielded surfaces, but they will settle out (or be flung out) 
more slowly. Large drops tend to travel In more straight lines, directly 
Impacting unshielded surfaces with little, If any, water reaching shielded sur- 
faces. The spray Itself can generate considerable gas motion. It would be 
Interesting to know whether there Is an optimum drop-size range leading to 
relatively fast and uniform surface deposition. In particular, one would like 
to know how this optimum drop size depends on the presence or absence of grav- 
ity. Conclusions drawn from such a mathematical study could certainly provide 
Insight useful In selecting a practical spacecraft water spray fire protection 
system. 

The U.S. Navy favors the use of fine-drop water sprays for submarine fire 
protection and is currently developing a fixed-nozzle high-pressure system 
(ref. 74). The needs and constraints of NASA are quite similar to those of the 
U.S. Navy. It Is recommended that NASA seriously consider the adoption to a 
hose line and water spray for Its general-purpose fire protection needs. 


CONCLUSIONS 

It Is essential that NASA develop a comprehensive approach to fire extin- 
guishment and inerting In spacecraft environments. Electronic equipment might 
readily be protected through use of an onboard Inert gas generating system 
(0B1GGS). The use of Halon 1301 presents serious technological challenges for 
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agent cleanup and removal of the toxic and corrosive products of combustion. 
Nitrogen pressurization, while effective, probably presents a serious weight 
penalty. The use of liquid water sprays appears to be the most effective 
approach to general-purpose spacecraft fire protection. 


TABLE I. - ALLOWABLE HALON 1301 EXPOSURES 


Organization 

Concentration , 
vol % 

Time 

Reference 

OSHA 

0.1 

8 hr/day, 

72 



40 hr/wk 


NFPA( 1 2A) 

Up to 7 

1 5 min 

73 


7 to 10 

1 min 



10 to 15 

30 sec 



>15 

0 


FAA 

Product of percent 

<10 

71 


and minutes 



U.S. Air Force 

6 

5 min 

68 
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Figure 1. - Varying degrees of combustion In an oxygen-nitrogen atmosphere 
(ref. 67). 
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INERilNG AND ATMOSPHERES 

Homer W. Carhart 
Naval Research Laboratory 


Ihe old aphorism that an atmosphere that will sustain a fire will also 
sustain life, and vice versa, has been held as fact for a long, long time. 
Fortunately, this Is not true. Fires are dependent primarily on the concentra- 
tion of oxygen, whereas life Is dependent on the partial pressure of oxygen. 

Ihe two are not synonymous. Before discussing this In more detail, let us 
first consider that man seems to be ever more determined to encapsulate himself 
and then place the capsule In exceedingly hostile (If not Immediately lethal) 
surroundings, be It a submarine, a space capsule, or even a high-flying air- 
craft. F_xamples of three of these capsules and their internal environments are 
given in Table I. 

The fatal Apollo fire In 1967 In 100 percent oxygen lasted only about 
15 sec (ref. 77). Fires In submarines are comparable to those we experience 
ourselves every day, the atmosphere being essentially air; but In the case of 
SeaLab, the aquanauts, wanting to smoke, could not even strike a match 
(ref. 78). All three of these atmospheres supported life for extended periods 
(the partial pressures of oxygen being close to the same), yet from a fire 
standpoint, the first was almost explosive and. the last would not even support 
attempted combustion. From table I It Is apparent that fire Is dependent on 
the percent of oxygen, whereas life Is dependent on the partial pressure of 
oxygen. 

It follows, then, that In an Inhabited capsule It should be possible to 
exercise a certain amount of willful control over fire and still maintain hab- 
itability by proper selection of the composition of the atmosphere. This leads 
to two concepts In the control of fires In confined spaces by controlling atmo- 
spheric composition: the first, to lower the overall potential hazard by main- 

taining the percent oxygen In the capsule below that of air, and the second, 
to provide for the emergency extinguishment of a fire by sudden flooding with 
nitrogen. For both cases we are very fortunate that fires are much more sensi- 
tive to changes In concentration of oxygen than people are to changes In par- 
tial pressure of oxygen. This allows for considerable flexibility In use and 
control of the atmosphere. 

Figure 1 shows the burning rate of paper (held horizontally) as a func- 
tion of oxygen concentration (refs. 79 and 80), and figure 2 shows that of a 
liquid fuel (kerosene) at two different total pressures (data from unpublished 
study by R. Corlett, University of Washington). Figure 3 shows the effect of 
total pressure on burning of paper at three different oxygen levels (ref. 80). 
It can be seen from the steepness of the lines in figures 1 and 2 that burning 
rate is indeed very oxygen sensitive, whereas figure 3 shows that total pres- 
sure has a much lesser effect. Slight changes in oxygen concentration also 
impact on fire parameters other than burning rate, for example, rate of heat 
release and maximum flame temperature, induction time, minimum Ignition temper- 
ature, and flammability limits (ref. 81). 
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The concept of Oxygen Index (I.e., the lowest concentration of oxygen that 
will just barely support combustion of a given material) Is also Invoked. Some 
materials that might burn at 21 percent oxygen, the sea-level air concentra 
tlon, might not at lower values (cf. table II). 

It has been shown by many experimenters (refs. 82 and 83) that hydro- 
carbons (e.g., gasoline) will not burn below 12 to 14 percent oxygen. If the 
14-percent value Is selected (I.e., 7 percent less than the 21 percent of air), 
the argument can be made that If one were to lower the oxygen concentration to 
say 19 percent In a closed environment, this might represent a 2/7 drop In 
oxygen effectiveness, roughly 30 percent. Does this mean we could get a 
30-percent protection In fire spread, heat release, etc.? This Is a surpris- 
ingly large effect considering how little we changed the percent of oxygen. 1 

On the other hand, as shown In table III, man Is surprisingly tolerant of 
changes In partial pressure. Granted that a sudden change, for example, from 
sea level to 3700 m, might cause "mountain sickness" In unconditioned people, 
adaptability to change Is still surprisingly fast. 

This leads to the two concepts mentioned earlier: (1) long-term protec- 

tion and (2) emergency extinguishment. At the Naval Research Laboratory, for 
parochial reasons, we have proposed that submarines operate continuously at 
19 percent oxygen (~l-atm total pressure) or slightly below, rather than the 
maximum 21 percent permitted now. The reason for choosing 19 percent Is some- 
what arbitrary - It is based on cigarettes still being able to smolder some- 
what. Thus, the crew would not have to forego smoking. After all, a 
smoldering cigarette Is also a fire, and at lower oxygen levels It too goes 
out, with Interesting psychological effects on the crew (cf., the first sen 
tence In this paper). For nonsmoking crews In other capsules, the 19-percent- 
oxygen restriction would not apply. That 19 percent oxygen is quite acceptable 
to submarine crews has been shown repeatedly by submarines operating under this 
condition for stretches of 24 hr or longer, often without the crews being aware 
of It. This Is documented by the atmosphere habitability logs of operating 
submarines . 

The bottom line Is that we can Indeed slow fires down markedly by diluting 
the atmosphere with an Inert gas, such as nitrogen, as long as we stay within 
physiologically acceptable levels. This buys time, If nothing else, and could 
spell the difference between an Incident and a disaster. 

In connection with the concept of sudden extinguishment, our Laboratory 
has proposed a system that, In the event of a runaway fire In a submarine, will 
dump 50 kPa (0.5 atm) of nitrogen suddenly Into the compartment (ref. 84). 

Table IV shows the concept. Adding 0.5-atm nitrogen raises the total pressure 
to 1.5 atm. The concentration of oxygen drops to 14 percent, but the partial 
pressure of oxygen stays the same. As stated earlier, 14 percent oxygen is in 
the ball park for the oxygen index for hydrocarbons (ref. 82), and many other 
combustibles, so the fire should go out. However, experimentation has shown 
there Is a marked scaling effect (ref. 85), as seen in figure 4, but even 
Class B (liquid fuel) fires are extinguished at about a total pressure increase 


1 1t Is recognized that scientifically this is spurious reasoning, but 
the Interesting fact Is that what limited data are available tend to bear these 
numbers out (e.g., figs. 1 and 2). 
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of 0.7 atm In large chambers. In our diving community this is equivalent to 
only about 6.7 m (22 ft) of water. The penalty for this system in space appli 
cations is that the tankage needed to carry this extra nitrogen would add 
weight to a capsule. An advantage, however, is that, unless very toxic fire 
gases are produced, the crew could still live in this atmosphere, This has 
been demonstrated using rats as test subjects in a chamber in which a sizeable 
jet fuel fire was extinguished with nitrogen with no ill effects on the rats 
(ref. 86). Fortunately, or not, we must recognize that the physiology of rats 
and humans is not that different, so we should be able to extrapolate these 
results to humans. 

Two very significant problems we have demonstrated with fires in confined 
spaces are that fires get out of hand very much faster than in more normal 
environments and that temperatures quickly reach lethal levels (ref. 87). 
Figure 5 shows data for hull insulation fires in a 325-m3 chamber. The con- 
trast between open and closed hatch operations is very real, and certainly air 
temperatures of 700 to 800 °C, even for a few seconds, are quickly lethal. 
(Most previous and extensive "closed" fire experiments have not been performed 
in hermetically sealed compartments and, therefore, we have been consistently 
misled about the true ferocity of such fires). 

It must be emphasized, of course, that all these experiments and discus- 
sions are based on normal gravity. What the effects of low gravity would be 
remains to be determined. 


TABLE I. - ENCAPSULATED ENVIRONMENTS 


Capsule 

Total pressure 

Oxygen, 3 
vol X 

Oxygen partial 
pressure^ 

kPa 

atm 

kPa 

atm 

Apollo 

30 

0.3 

100 

30 

0.3 

Submarine 

100 

1 .0 

21 

20 

.2 

Sealab II 

710 

7.0 

4 

30 

.3 


a F1res depend on minimum oxygen concentrations. 
^Human life depends on minimum oxygen partial 
pressure. 
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TABLE II. - OXYGEN INDICES 


Filter paper .... 18.2 


Cotton 18.6 

Rayon 18.9 

Sugar 22.0 

Red oak 22.7 

Wool 23.8 


3/4 in. plywood . . . 24.3 

3/8- In. plywood ... 29.2 


TABLE III. - OXYGEN PARTIAL PRESSURE IN INHABITED ATMOSPHERES 



Oxygen partial pressure 

Elevation 

kPa 

atm 

m 

ft 

Apollo, takeoff mode 

no 

1 .09 




Apol lo, flight mode 

30 to 37 

0.3 to 0.37 


— 

Sea level 

21 

.21 

0 

0 

Denver, Colorado 

18 

.175 

1520 

5 000 

Quito, Ecuador 

15 

.15 

2800 

9 300 

La Paz, Bolivia 

14 

.134 

3660 

12 000 

Pikes Peak, Colorado 

13 

.123 

4300 

14 100 


TABLE IV. - EFFECT OF NITROGEN ADDITION 



Capsule 

pressure 

Oxygen, 
vol % 

Oxygen partial 
pressure 

kPa 

atm 

kPa 

atm 

KM 

101 

1 .0 

21 

20 

0.2 


51 

.5 



— 

| 

a l 52 

*1.5 

14 

20 i 

.2 


Equivalent to 4.9 m (16 ft) water. 
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PERCENT OXYGEN 

Figure 1. - Burning rate of paper as a function of oxygen concentration at 
101 kPa (1 atm). 



Figure 2 . - Burning rate of kerosene as a function of oxygen concentration 





a. 

5 



Figure 5. - Temperature histories In various tests In 352-m chamber. 
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FIRE-RELATED MEOICAL SCIENCE 
Douglas R. Knight 

Naval Submarine Medical Research Laboratory 


Space crews must quickly extinguish in-flight fires in order to prevent 
serious burns and smoke inhalation. Otherwise, fire victims may require medi- 
cal skills and supplies that exceed the capabilities and resources of the sur- 
viving crewmembers. 

Man's efforts to combat or escape fires are usually futile when flames 
develop in oxygen-rich atmospheres, for the simple reason that lethal tempera- 
tures are produced within 60 sec of the onset of combustion (refs. 88 to 90). 
Even in an atmosphere of 20 percent oxygen - 80 percent nitrogen, dangerous 
temperatures can evolve in an astoundingly short period of time. Earth-based 
engineering studies (ref. 91) have shown that the threshold temperature for 
skin injury develops within 30 to 90 sec of ignition, depending on the config- 
uration of the test chamber. High temperatures evolve more quickly when the 
fire chamber is sealed than when its hatches are open to ambient air. This is 
shown in figure 1, which plots selected data from figure 5 of the preceding 
report Inerting and Atmospheres. The difference in skin injury between 30 sec 
of exposure (hatches closed) and 90 sec of exposure (hatches open) could mean 
the difference between death and survival of those fighting the fire. 

Brief exposures to fire may be lethal within 1 to 5 min when the ambient 
temperature exceeds 200 °C (fig. 2). The postulated mechanism of death, hyper- 
thermia, is lethal to test animals when rectal or heart-blood temperature 
exceeds 42.5 °C. The final cause of death is either circulatory failure, from 
ventricular fibrillation, or agonal collapse of blood pressure (ref. 92). 


Inadequate respiratory protection, space sickness, and panic may pre- 
dispose crewmembers to incapacitation, injury, and death by smoke inhalation. 
Smoke inhalation has been a leading cause of death in victims of urban fires 
(refs. 93 and 94). Massive exposures may interfere with lung function when 
smoke particles mix with secretions to plug the airways. Otherwise, particu- 
lates act as irritants, obscure vision, and induce panic (ref. 95). Fire- 
fighters have been exposed to a number of harmful gases in smoke, including 
carbon monoxide, acrolein, hydrochloric acid, and other asphyxiants/irritants 
(table I). Smoke suffocates victims since it is deficient in oxygen and con- 
tains high concentrations of carbon dioxide (refs. 96 and 97). However, car- 
bon monoxide accounts for the majority of deaths occurring within six hours of 
exposure to cellulosic fires. It asphyxiates the body by blocking oxygen's 
reactions with hemoglobin and cellular proteins. Hydrogen cyanide, also an 
asphyxiant, has not been a prevalent cause of early deaths (ref. 98). Acrolein 
is considered to be the most serious irritant found in smoke, because of its 
potency in producing intolerable lacrimation and nasal irritation (refs. 95 
and 96). The release of acrolein depends on fire temperature and fuel compo- 
sition (ref. 98). 


Spacecraft interiors may contain synthetic polymers that yield high con- 
centrations of toxic gases when burned. There is already an account of the 
release of lethal concentrations of nitrogen dioxide from x-ray film burned in 
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the Cleveland Clinic fire (refs. 95 and 98). Halogenated acids, such as hydro 
chloric acid, may act as strong sensory irritants when released by the combus- 
tion of halogenated polymers. Isocyanates, ammonia, and cyanides have been 
produced by the burning of nitrogenous polymers. 

Any flame might cause an explosion by igniting reactive substances (e.g., 
propellant fumes) that accumulate in spacecraft atmospheres (ref. 99). Tissues 
that line gas-filled spaces in the body are particularly vulnerable to injury 
by blast waves (table II). Consequently, the lung may sustain sufficient dam 
age to impede oxygenation of hemoglobin and release bubbles of air into the 
arterial blood stream (ref. 100). The bubbles interfere with heart and brain 
activity by obstructing nutrient blood flow through the tissues. More fre- 
quently, however, blast waves cause serious injury by tossing the body against 
firm surfaces or releasing high-speed fragments that penetrate the tissues. 

Structural failures in burning buildings can impede the movement of vic- 
tims or injure firefighters; but in the weightless conditions of space travel, 
weakened structures would not shift as a result of gravitational forces. 

The time-of -usef ul -f unct ion indicates how long victims have to escape a 
fire before their only hope for survival is rescue (ref. 93). Medical scien- 
tists have studied the ability of experimental animals to escape fires as a 
biological end point of combustion toxicology tests, f-or example, toxic gases 
may impose one or more forms of hypoxia, which impair animal coordination. 
Overwhelming irritation of the eyes and airways may also impair escape 
(ref. 98). But, combustion products can diminish mental acuity and degrade 
human judgment before there is overwhelming irritation and neuromuscular 
incoordination. Rather than studying the escape behavior of animals, why not 
evaluate the early effects of smoke inhalation on human performance? 

Spacecraft fire safety may be improved by the use of a fire-retardant 
atmosphere in occupied spaces. Low concentrations of oxygen can protect 
humans from fire damage by reducing the rate and spread of combustion, but 
care must be taken to avoid the hypoxic effects of oxygen -lean atmospheres. 
Crews could live and work in 11 percent oxygen if barometric pressure were 
adjusted to maintain the partial pressure of oxygen (Pq;?) above 16 kPa 
(0.16 atm) (fig. 3). Eleven percent oxygen should prevent most types of fires, 
since 15 percent oxygen retards the combustion of paper and 13 percent oxygen 
extinguishes pentane flames (refs. 89, 91, and 101). Studies at the Naval 
Submarine Medical Research Laboratory are defining (a) a safe, minimum Pq 2 
at normobaric pressures; (b) a maximum barometric pressure for use without 
risk of nitrogen narcosis/decompression sickness; and (c) the health effects 
of breathing trace levels of atmosphere contaminants in low concentrations of 
oxygen. To date, the results indicate that seated humans can perform mental 
tasks in atmospheres containing 11.5 percent oxygen. Although this strategy 
of fire safety is under consideration for submarines, it could be adapted to 
spacecraft once operational procedures define a maximum hyperbaric pressure 
and fire research defines the effects of reduced oxygen concentrations on com- 
bustion in low-gravity environments. Additional research is necessary to 
define man's tolerance of fire -inert atmospheres in the space station. 
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GLOSSARY 


ANEMIC HYPOXIA - a deficiency of oxygen due to reduced content of hemoglobin 
(e.g., hemorrhage) or inhibition of oxygen uptake by hemoglobin (e.g., the 
action of carbon monoxide). 

ASPHYXIA (SUFFOCATION) - the consequence of hypoxia combined with an increased 
tension of carbon dioxide in the blood and tissues. 

BR0NCH0C0NS1RICT0R - a gas that induces resistance to air flow through the 
respiratory passages, either by consequences of nerve stimulation or release 
of histamine (e.g., ammonia, sulfur dioxide). 

HISTOTOXIC HYPOXIA - the blockade of oxygen utilization caused by the poisoning 
of cellular respiration (e.g., the action of hydrogen cyanide). 

HYPERTHERMIA - an abnormally high body temperature. 

HYPOXIA - the failure of tissues, for any reason, to receive an adequate supply 
of oxygen. 

HYPOXIC (ARTERIAL) HYPOXIA - the consequence of reduced oxygen tension/content 
in arterial blood, due to (a) low partial pressure of oxygen in breathing 
gas, (b) abnormal lung function, or (c) shunting of venous blood into 
arterial stream. 

IRRITANT - a gas that inflames tissues by direct contact, ordinarily the 
surfaces of skin and mucous membranes. 

PULMONARY IRRITANT - a gas that stimulates sensory nerves in the lower 
respiratory tract and causes pulmonary edema (e.g., nitrogen oxides). 

RESPIRATORY IRRITANT - a gas that acts as a SENSORY IRRITANT, PULMONARY 
IRRITANT, and BRONCHOCONSTRICTOR (e.g., chlorine). 

SENSORY IRRITANT - a gas that stimulates sensory nerves in the face and upper 
respiratory tract, causing discomfort and slowing of the ventilation rate 
(e.g., acrolein, HC1). 

SMOKE - a complex mixture of the airborne solid and liquid particulates and 
gases evolved when a material undergoes pyrolysis or combustion. The 
composition of smoke depends on the conditions of combustion. 

STAGNANT (CIRCULATORY) HYPOXIA - a deficiency of oxygen caused by the slowing 
of blood flow through tissues. 
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TABLE I. - COMBUSTION PRODUCTS ENCOUNTERED BY URBAN 

FIREFIGHTERS 

[The data were tabulated from ref. 96.] 


Combustion 

product 

Concentration 

Limits of exposure, 
ppm 

ppm 

mg/m 3 

IDLH a (30 min) 

STLC b (10 min) 

Acrolein 

0.1 

14 

5 

30 to 100 

HCN 

.1 

4 

50 

350 

N0 2 

.2 

10 

50 

>200 

HC1 

1 

200 

100 

>500 

CO 

5 

5 000 

1 500 

5 000 

Benzene 

.2 

175 

2 000 

20 000 

C0 2 

1000 

75 000 

50 000 

100 000 

Particulates 

20 

18 000 

i — - — - - - - -- - - ■ 




immediate danger to life or health ( 1DLH) is the 
concentration from which an unprotected worker might 
escape within 30 min without irreversible health 
effects or any physiologic effects that would impede 
escape. 

^Short-term lethal concentration (STI.C) is a 10-min 
exposure limit. 


TABLE 11. - ESTIMATED BLAS1 EFFECTS IN MAN 
[Adapted from ref. 100.] 


Effect 

Overpressure 

kPa 

psi 

Ruptured ear drum 
liny hemorrhages in lung 
Isolated hemorrhage in lung 
LD(.n , boggy lung, emphysema 
Death 

>35 

80 to 110 
140 to 210 
320 to 340 
690 to 830 

>5 

12 to 16 
20 to 30 
46 to 50 
100 to 120 
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Figure 1. - Effect of chamber configuration on air temperature in submarine 
hull insulation fires (ref. 91). 
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(MINUTES) 

Figure 2. - Temperature- time relationship for heat injuries (ref. 92). 
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Human life-support zones and flame retardant atmospheres. 
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INTRODUCTION 

Aircraft systems inherently possess a variety of potential fire and 
explosion hazards, which from time to time contribute to equipment and prop- 
erty damage and/or personnel injuries and fatalities- Historically, aircraft 
mishaps have frequently triggered intense research and engineering efforts 
directed at improving selected aspects of the overall fire protection problem. 
For military aircraft, the fire and explosion damage and loss experiences in 
combat, such as in southeast Asia in the late 1960's and early 1970's, pro- 
vided additional impetus for the enhancement of survivability under various 
hostile threat operational environments. Today's civil and military aircraft 
are exemplary both in performance capability and overall system safety, of 
which fire safety is a key ingredient. Although aircraft fire safety problems 
are largely more diversified than those anticipated with spacecraft, per se, 
it is intended that by reviewing key aspects of recent aircraft fire safety 
research activities, the general philosophy of approach, if not the specific 
results, could contribute to the identification and resolution of spacecraft 
fire hazard concerns. 


NA1URE OF THE PROBLEM 

The aircraft fire and explosion threat is complex and diversified, involv- 
ing a variety of materials (fuel, engine and hydraulic oils, interior cabin 
materials, metals, etc.), which are subjected to a broad span of natural and 
induced operating environment conditions and potential exposure to a number of 
ignition sources. The latter, for example, can include electrical arcs and 
sparks, friction sparks, hot surfaces, and open flames. In the case of mili- 
tary aircraft, combat operations introduce significant additional means for 
fire/explosion initiation. Achievement of an effective fire protection pos- 
ture necessitates "early" and "heavy" emphasis on fire prevention, supplemented 
as necessary by fire hardening, detection, extinguishment/suppression, and 
control measures. 


AVIATION FUELS 

In addressing the aircraft fire safety issue, priority attention must be 
given to the fuel onboard because of its large quantity, widely dispersed dis- 
tribution, and relatively high fire/explosion hazards. Table I summarizes 
typical properties of military jet fuels that are deployed operationally or 
are undergoing research and development (R&D). A low flash point, volatile 
fuel, JP-4, is still largely utilized by the military because of worldwide 
availability and performance considerations. A kerosene fuel similar to com- 
mercial Jet A-l fuel, JP-8, is utilized in the United Kingdom and is being 
considered for NATO-wide use in the very near future. The JP-8 fuel, like 
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J P-5 , which is utilized by the Navy for safer aircraft operations off of car- 
riers because of its higher flash point, offers considerable safety advantage. 
Air Force fuel R&D activities have recently focused on the use of (1) alter- 
nate sources such as oil shale, tar sands, and coal liquids as a means for 
assuring future, secure, domestic supply of acceptable quality jet fuels; as 
well as (2) the development of a high density, naphthenic-based fuel (referred 
to as JP-8X) offering a volumetric energy density up to 15 percent greater 
than JP-4. 

For military aircraft, gunfire/projectile impacts can induce both ullage 
explosions and dry bay fires. The generation of flammable fuel-air mists 
within the fuel tank as a result of projectile penetration also renders low- 
volatility fuels vulnerable to ignition; although, in general, the fire hazard 
is considered to be less with the higher flash point fuels. During aircraft 
crash situations, similar external dispersion of fuel in air can occur as a 
result of fuel tank rupture and structural failure. The latter renders low- 
volatility fuels susceptible to ignition and a rapid fireball-flame spread 
response, thereby compromising crew and passenger safety under what in some 
instances would have been an impact-survi vable situation. Over the years, 
various approaches have been investigated to render jet fuels safe. Most 
recently, the major effort in this area has been through a cooperative program 
between the United States and the United Kingdom to determine the feasibility 
of developing antimisting fuels using a British-developed antimisting kerosene 
( AMK) additive in a Jet A, low-volatility, fuel. This program progressed to 
the full-scale testing stage involving a controlled impact demonstration with 
a Boeing 720 at Edwards AFB, California in 1984. The Boeing 720 flew success- 
fully using the treated fuel; however, the degree of fire protection provided 
by the AMK fuel was judged to be inadequate for the Federal Aviation Adminis- 
tration ( FAA) to proceed with rule making at the present time. The FAA spon- 
sored a Fuel Safety Workshop in the fall of 1985 to help shape a future program 
of activity in this area. The details of the planned future program have not 
been officially announced. 

Air Force fuel R&D activities are currently also focusing on the needs 
of future supersonic and hypersonic vehicles. For these applications, in addi- 
tion to the usual desired performance properties, a fuel will need to provide 
a high heat-sink capability. A typical fuel heat sink requirement trend for 
high-Mach flight vehicles is depicted in figure 1. Current operational hydro- 
carbon fuels offer only a half MJ/kg (several hundred Btu/lb) heat-sink capa- 
bility. One approach being considered is to use an endothermic fuel. A 
typical scheme is represented by the dehydrogenation of methylcyclohexane 
(fig. 2), resulting in the formation of toluene and hydrogen and offering a 
total heat sink of approximately 4.4 MJ/kg (1900 Btu/lb). Actually, the Air 
Force sponsored much research in this area in the 1960's and is moving ahead 
with this technology opportunity once again. Obviously, a number of other 
candidate fuels exists, as shown in table II, including cryogenic hydrogen. 
Various system safety issues, including fire safety, will need to be addressed 
as progress towards the actual system application of these fuels is made. 


AIRCRAF1 FUEL SYSTEM EXPLOSION PROTECTION 

In aircraft fuel systems, by and large, through the application of appro- 
priate fire/explosion prevention measures, normal operation mishap possibili- 
ties have been adequately minimized. In the case of military systems, the 
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combat scenario has necessitated incorporation of additional fire and explosion 
protection measures. Current practice includes the use of reticulated plastic 
foam explosion suppressants (i.e., polyester and polyether polyurethane 
foams); bromotrif luoromethane ( CF 3 Br, Halon 1301) inerting on a part-time 
basis; and liquid nitrogen inerting for full-time protection. Major current 
R&D effort is directed towards the development of an onboard inert gas 
generation system (0B1GGS) with first likely application to be on the C-17 
aircraft currently under development for the Air Force by McDonnell-Douglas. 
Research is continuing by the Air Force for the development of more efficient 
air separation membranes for OBIGGS to enable application to fighter aircraft, 
as well as to reduce subsystem weight penalty for the larger aircraft. Actu- 
ally, the current OBIGGS technology is very competitive with other state-of- 
the-art, full-time fuel tank explosion protection systems, and compared to 
L.N 2 , it offers considerable advantage in worldwide logistical independence. 
References 102 to 111 provide additional information on the above approaches 
as well as on some of the electrostatic hazard problems encountered operation- 
ally with reticulated foams. With respect to the latter, industry efforts are 
underway to develop a more conductive reticulated baffle foam, with an accept- 
able product likely to be available very soon. 


HYDRAULIC FLUIDS 

In the area of aircraft hydraulic systems, the preponderance of fire prob- 
lems has been experienced with military aircraft, which for years employed a 
petroleum-base hydraulic fluid (MIL-H -5606) . By comparison, civil experience 
with the more fire-resistant phosphate -ester-type hydraulic fluid has been very 
favorable. Because of performance and materials compatibility reasons, the 
phosphate -ester-type fluid is not acceptable for military aircraft. Recently, 
military aircraft have been converting to MIL-H-83282, a synthetic hydrocarbon 
with a much higher flash point temperature, which is totally acceptable in 
existing operational aircraft systems. Since the mid-1970's, technology effort 
has also been focusing on the development of a nonflammable hydraulic fluid for 
future advanced military aircraft applications. This technology (refs. 112 to 
119) has progressed to the selection of a CTFE (chlorotrif luoroethylene) fluid 
for use in a 55-MPa (8000-psi) system, and the fluid is scheduled for demon- 
stration/validation in the near future. Table III summarizes selected proper- 
ties of current and candidate nonflammable hydraulic fluids as well as the 
fire properties goals that were established in 1975 for the screening of can- 
didate materials. 


PROPULSION INSTALLATIONS 

Propulsion installations have inherently been treated as high fire-threat 
areas; consequently, a well established fire protection engineering capability 
exists. Much of this capability evolved from the earlier days when full-scale 
engine/nacelle fire tests were conducted by the CAA in Indianapolis, Indiana, 
and subsequently by the FAA at the Atlantic City, New Jersey test facilities. 
Testing was conducted in support of both military and civil applications. To 
my knowledge, the only ongoing testing of this type is at the FAA facility for 
the Air Force utilizing a surplus F -11 1 aircraft f uselage/TF30 engine as the 
test article. This testing is focusing on jet fuel ignition fire detection 
and fire extinguishing agent considerations under a broad range of air mass- 
flow ventilation rates and temperature conditions representative of today's 
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turbofan engine installations in military aircraft. At the same time, at the 
Aero Propulsion Laboratory, similar tests are being performed in an engine 
nacelle fire-test simulator for the purpose of establishing comparative fire 
protection performance trends. The engine nacelle simulator was developed a 
few years ago as a planned alternative to full-scale testing because of the 
high cost and future general nonavailability of actual advanced engines for 
conduct of potentially destructive fire testing. 

With regard to engine compartment fire and overheat detection, modern 
aircraft are largely equipped with continuous-element, heat-sensitive-type 
systems (i.e., pneumatic and electrical resistance types). These systems pro- 
vide line coverage and require 5 to 15 sec for response. Dual loop coverage 
has been incorporated in certain instances to reduce past false-warning prob- 
lems. For advanced flight vehicles, detection systems will require high reli- 
ability, quick response, and the ability to discriminate more clearly between 
fire and overheat conditions. The latter will necessitate more emphasis on 
optical sensors (ultraviolet, infrared types) integrated with continuous ele- 
ment systems. It should be pointed out that very little R&D is currently in 
progress in this area. A few years ago, an advanced ultraviolet aircraft fire 
detection system was developed for the Air Force (ref. 120) and installed in 
an F-lll aircraft at the Sacramento Air Logistics Center, McClellan AFB, 
California, for flight test evaluation. The planned evaluation was success- 
fully accomplished; the system still remains installed and is performing 
satisfactorily. 

Extinguishment of engine compartment fires is presently accomplished by 
means of fixed systems employing halogenated hydrocarbon agents. No major 
technological advancement has been made in this area in recent years. Halo- 
genated fire extinguishing agents that were researched mainly in the 1 940 ' s to 
early 1960's and used on aircraft are indicated in table IV. Present day 
preference is for Halons 1301 and 1211, which offer the best combination of 
performance, low toxicity hazard, and reasonable availability/cost. The 
Boeing Company has recently completed a favorable investigation of the fire 
extinguishing performance potential offered by various nitrogen-enriched air 
(NEA) mixtures as an ancillary function of 0BI66S (ref. 102). Use of NEA for 
continuous purging of electronic cabinets and fire control onboard spacecraft 
would also appear to merit consideration. 


AIRCRAFT POST-CRASH/INTERIOR CABIN FIRES 

The aircraft survivable impact, post-crash fire scenario and the closely 
intertwined interior cabin fire problem have received considerable attention 
in recent years, both on a national and international basis (refs. 121 to 127) 
The post-crash fire scenario is a difficult one to contend with. The environ- 
ment rapidly deteriorates from thermal, chemical, and visibility viewpoints. 
Toxic and irritant products generated have rapid debilitating effects. The 
traumatic situation makes breath -holding essentially impossible and pain thres 
holds are rapidly reached. The cabin can become a totally lethal environment. 
This also is true of ramp and in-flight fires if the fire source is large 
enough. Time, measured in seconds, is a key factor in survival. 

Approaches for enhancing the crash worthiness of the aircraft include the 
use of crash-resistant fuel tanks where feasible, protection of fuel system 
components, development of fire-safe fuels, increasing the fire worthiness of 
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interior materials, improving interior emergency lighting, and providing more 
fire-resistant escape slides. The bulk of the activity in these areas has 
been pursued by the FAA and NASA. Sarkos (ref. 127) provides an excellent 
summary of efforts directed toward improving aircraft interior safety. The 
work in the latter area obviously should have direct applicability to the 
spacecraft fire safety problem, particularly where use of a normal-air habita- 
ble atmosphere is planned. 

With regard to extinguishment of fires within aircraft interior compart- 
ment areas, first-aid fire extinguishers employing Halon 1211 (CF 2 BrCl) fire 
extinguishant are now being utilized by both military and civilian aircraft 
because of its suitability, to some degree, for all classes of combustibles, 
excluding metal fires. Selected higher hazard areas, such as galleys and 
refuse bins within lavatories, in certain cases have been equipped with fixed 
fire extinguishing systems usually of the Halon 1301 (CF 3 Br) type. Use of 
Halon fire extinguishants in oxygen-enriched and hyperbaric chambers depends 
in part on the extent of oxygen enrichment and should be carefully and inde- 
pendently assessed for each application. Depending on the rapidity of fire 
extinguishment action, different degrees of agent pyrolysis can be experienced. 
Consequently, in assessing the overall toxicity hazard, consideration must be 
given to both the byproducts formed by the fire and the extinguishant utilized. 
Removal of potentially toxic byproducts from the spacecraft atmosphere after 
effecting fire control will also require special attention in order to resume 
safe, normal operations. 


CONCLUDING REMARKS 

In summary, during the past 15 years, very significant progress has been 
made toward enhancing aircraft fire safety in both normal and hostile (combat) 
operational environments. I have attempted to touch on most of the major 
aspects of the aircraft fire safety problem and necessarily have had to limit 
the depth of coverage. The technology of aircraft fire protection, although 
not directly applicable in all cases to the potential spacecraft fire scenar- 
ios, nevertheless does provide a solid foundation to build upon. This is par- 
ticularly true of the extensive research and testing pertaining to aircraft 
interiors' fire safety and to OBIGGS, both of which are still active areas of 
investigation. 
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TABLE I. - TYPICAL PROPERTIES OF MILITARY TURBINE ENGINE FUELS 
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a 0ouble values for decalin boiling and freezing points are for the els and trans 
varieties, respectively. 
b At boiling point. 
c From boiling point to 725 °C. 




TABLE III. - TEST PROPERTIES OF AIRCRAFT HYDRAULIC FLUIDS 
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MACH NO. 

Figure 1. - Typical fuel heat-sink requirement trend for hlgh-Mach-number 
flight vehicles. 



COOLING CAPABILITY 

SENSIBLE HEAT (MCH, 15-540°C) 

HEAT OF REACTION AT 540°C 
SENSIBLE HEAT (PRODUCTS, 540-730°C) 


MJ/kg OF FUEL 

1.73 

2.05 

.65 

TOTAL 4.43 


Figure 2. - Endothermic dehydrogenation of methylcyclohexane (MCH). 
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SPACE STATION INTERNAL ENVIRONMENTAL AND SAFE! Y CONCERNS 

Matthew B. Cole 

NASA Lyndon B. Johnson Space Center 

Space stations of the future will have many areas of concern Involving 
safety. The nature of the operation of space stations will require that safety 
be of paramount Importance to ensure crew survivability and mission continuity. 
Space stations will be designed as outposts on a new frontier: space. This 
frontier Is hazardous and unforgiving. Mistakes In the operation of a space 
station or the prediction of conditions and hazard scenarios could have very 
serious consequences. Space stations will have long lifetimes, limited capa- 
bility for rescue, extremely hazardous operating environments, crewmembers who 
will not be astronauts, and a complex set of operating procedures. The possi- 
bility for mishaps to occur Is very real. 


SPACE STATION MODULES 

Space stations will require some typical kinds of occupancies within their 
individual modules to be functional. The first basic kind of module that will 
be found Is a habitation module. This module will contain the living space 
for the crew. The crewmembers will prepare and eat their meals in the habita- 
tion module. Facilities for personal hygiene and recreation and exercise will 
probably be found In the habitation module. Space to store the personal 
belongings of the crew and supplies necessary for dining will be found here. 

A second kind of module occupancy that will be typically found In space 
stations is one or more laboratory modules. The purpose of space stations, 
the advancement of science and technology, will require extensive facilities 
to perform experiments of many types In the microgravity of space. As with 
laboratory facilities on earth, there will be hazardous processes and chemi 
cals used In laboratories on space stations, and the probability for mishaps 
to occur Is appreciable. Laboratories will require careful design and control 
to achieve safe operations. 

A third kind of module that will likely be found on future space stations 
Is a supply, or logistics, module. This module will be used to store consuma- 
bles required for the operation of a space station. As with some storage 
facilities on earth, materials that are Incompatible with each other may be 
stored side by side. The strict configuration control requirements for space- 
craft will provide controls and safeguards for these types of storage, but the 
existence of Incompatible materials near one another increases the probability 
of a mishap. 

Figure 1 Indicates a possible arrangement of the NASA Space Station 
modules. The modules in this figure are connected together by nodes and tun- 
nels. Two of the modules are connected together in a circular arrangement, 
with the other two attached to this circular track. 

Figure 2 Is a possible arrangement of the Inside cross section of one of 
the modules. Maximum advantage of space is used in this arrangement. The 
Insides of the module next to the outer walls are used for the location of 
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avionics, equipment, and storage areas. The habitable spaces are contained 
within a square cross section Inside the module. 


MODULE HAZARDS 

Safety concerns In the Internal environment fall Into several broad cate- 
gories. Radiation Is more Intense In the environment of space. In both Its 
Ionizing and nonionizing forms. Ionizing radiation will take the form of gamma 
rays, x-rays, and high-energy charged particles. Nonionizing radiation that 
will be found In the Internal environment will probably consist of ultraviolet 
rays from viewing ports In the module hulls and beams from the experimental 
use of lasers In the laboratory modules. 

Toxic substances will be used In the operating systems of the Space 
Station and In the laboratory experiments. The threat of an Inadvertent release 
of a toxic gas, liquid, or solid will always be present. The effects of such a 
leak In a space station will be compounded by the nature of the Space Station's 
location and design. The Space Station will need real-time detection and 
analysis systems to detect the accidental release of toxic substances. Real- 
time analysis Is needed to allow the crew to decide on a course of action to 
neutralize the leak. 

Emergency decontamination apparatus will be needed for personnel working 
In laboratory modules. Emergency containment kits are available today for use 
In laboratories; this same type of approach could be adapted for use In a 
microgravity environment. Self-contained emergency shower devices and eyewash 
devices could also be developed for use on Space Station. Apparatus specifi- 
cally tailored for decontamination of personnel exposed to particular sub- 
stances could be provided on an as-needed basis. 

Toxic chemicals In the Internal atmosphere are not the only crew threat, 
biological organisms and particulate matter In the Internal atmosphere present 
health threats to the crew. In the microgravity of space, large particulate 
matter does not automatically fall to the floor of a compartment. Particulate 
matter of any size will follow the flow of the mechanical ventilation In a 
module. Particulates with diameters larger than 150 ym present an Irritation 
problem to the crewmembers. Biological organisms will always be present. If 
they find Internal atmospheric conditions suitable for growth, they can reach 
populations that present health threats to the crew. Control of the Internal 
atmospheric humidity, temperature, food storage and disposal, and steriliza- 
tion and filtering of the Internal atmosphere will reduce the probability of 
Illness due to biological organisms. 

Crew injuries and Illnesses are particularly serious matters due to the 
remoteness of the Space Station. Crew expertise and training to treat injur- 
ies and Illnesses will be a necessity. Medical supplies will be necessary to 
handle anticipated problems. 

Finally, there is the threat of fire or explosion. Fire or explosion 
will result In additional threats due to their aftereffects. Fire or explosion 
will do damage to the spacecraft system In which It occurs. Crew response Is 
required to control the threat; this presents the threat of Injury to the crew. 
After the fire or explosion threat has been controlled, there Is the problem 
of Internal atmospheric contaminants. Fire Is perhaps one of the most credible 
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threats, the most likely to occur. There are many aspects to this phenom- 
enon which must be Incorporated Into the design of Space Station. 


HISTORIC SPACECRAF1 FIRE PROTECTION 

There have been a variety of fire protection methodologies applied to U.S. 
manned spacecraft since the Mercury program. A clear and distinct pattern has 
not emerged. 

The Mercury and Gemini spacecraft were very small In relation to the Space 
Shuttle Orblter of today. The Mercury capsule contained one person; the Gemini 
capsule contained two persons. Fire detection on these spacecraft was accom- 
plished via the sensory perception of the crew. There were no systems designed 
specifically for fire suppression, but the food rehydration gun on these space- 
craft conceivably could have been used for this purpose had It been necessary. 

The Apollo spacecraft was considerably larger than Mercury and Gemini. 

The Apollo Command and Service Module (CSM) accommodated a crew of three. 

After the ascent phase of the mission, the acceleration couches to which the 
astronauts were strapped could be folded up and out of the way. During the 
lunar landing missions the Apollo CSM was accompanied by the Lunar Module (LM). 
The LM could hold two persons. 

Fire detection on the Apollo CSM and LM was again left to the sensory 
perception of the crew. There were no specific smoke detection schemes, 
although the possibility of using a condensation nuclei fire detection system 
was considered (ref. 128). 

Fire suppression on the Apollo spacecraft was provided via several means. 
In The CSM, the primary means of fire suppression was a portable foam fire 
extinguisher. The food rehydration gun also had a flow-control spray nozzle 
and was utilized as a backup fire suppression system. In the Apollo Lunar 
Module, the fire suppression system was the food rehydration gun. 

The use of strict materials flammability control requirements came Into 
being during the Apollo era. The effects of oxygen enriched atmospheres on 
the flammability of materials were then more fully understood. 

The Skylab program was conducted In the early 1970's as an orbiting work- 
shop. Skylab consisted of an upper stage of a Saturn booster rocket that had 
been converted for manned use In space. It had a docking adapter to which the 
Apollo CSM was berthed. Skylab was the first U.S. manned spacecraft that was 
too large to rely on the sensory perception of the crew for fire detection. 

Fire detection was accomplished by the use of llne-of-slght ultraviolet-type 
fire detectors. Fire suppression on Skylab consisted of portable foam fire 
extinguishers. A schematic diagram of one of these portable fire extinguishers 
Is shown In figure 3. These fire extinguishers had a removable nozzle so that 
the foam could be discharged through built-in openings In the avionics panels 
In the event of a fire In the avionics. Figure 4 (ref. 129) shows the loca- 
tions of the portable fire extinguishers In Skylab and the estimated crew 
translation times. 
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The Space Shuttle Orblter In use today can accommodate a crew of eight 
persons. The crew cabin consists of two areas of habitable space: the flight 

deck and the middeck. 

Fire detection on the Space Shuttle Orbiter is provided by the use of 
ionization smoke detectors located in the crew cabin and the avionics bays. 
Figure 5 (ref. 130) shows the locations of these smoke detectors. These smoke 
detectors have a self-contained fan to draw cabin air into them for sensing 
purposes . 

The Space Shuttle Orbiter uses portable and fixed Halon 1301 systems for 
fire suppression. The agent storage containers for both fixed and portable 
systems are similar, the difference being that the fixed systems are remotely 
discharged from a control panel on the flight deck. The fixed fire suppres- 
sion systems on the Space Shuttle Orbiter are located in the three forward 
avionics bays. Figure 6 (ref. 130) shows the location of the portable fire 
extinguishers in the crew cabin. As was the case in Skylab, the nozzle on the 
portable fire extinguishers is compatible with fire ports (openings) in the 
panels. The agent nozzle can then be inserted into an opening in the instru- 
ment panels and the agent discharged to extinguish fire behind the instrument 
panels. The portable fire extinguishers can also be discharged through the 
openings in the avionics bays shown in figure 7 (ref. 130) in case the fixed 
fire suppression systems in the avionics bays fail. 


MICROGRAVITY FIRE BEHAVIOR 

The history of fire protection on manned U.S. spacecraft indicates that 
there has been no clear pattern of agreement on what is ideal. To preface a 
discussion of what is Ideal for fire detection and suppression in a micro- 
gravity environment, it is necessary that the differences in fire behavior 
between normal and microgravity be discussed. 

Combustion in a normal (one-g) environment is driven by convection due to 
gravity-inducted buoyancy. Hot smoke is driven up and away from a diffusion 
flame. In microgravity, there are minimal buoyancy forces; products of com- 
bustion are not forced away from the diffusion flame (ref. 131). 

Under calm conditions in a microgravity environment, the spread of the 
flame front is slower than in normal gravity. Calm conditions are seldom 
encountered In the usual crew space in a spacecraft, however. Due to other 
life support considerations and the need to provide cooling air for electronic 
equipment, forced airflow is provided throughout the habitable space. This 
forced airflow will Increase and define the direction of flame spread In a 
microgravity environment. Velocities of airflow exceeding some threshold 
value may even help prevent the occurrence of diffusion flames. 


SPACE STATION MATERIALS ACCEPTANCE 

Unlike facilities on Earth, control of all of the materials that are used 
for construction and that are placed in a manned spacecraft is a normal proce- 
dure. Each material in a manned spacecraft must meet current National Aero- 
nautics and Space Administration (NASA) flammability criteria (ref. 4), or its 
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use must be evaluated and judged to be acceptable by a controlling group of 
program managers. 

Materials flammability control In Space Station will probably be accom- 
plished by using standards similar to the current standard used for the Space 
Shuttle Orblter. Although the criteria for materials flammability acceptance 
are too lengthy to discuss here, there are four basic tenets that apply. 
Materials are categorized by their use and placement In the spacecraft. More 
stringent requirements are levied on materials that are placed In the same 
environment as the crew. Materials are tested for flammability characteris- 
tics In the same atmosphere( s) which they will encounter In the spacecraft. 
Finally, materials are tested In their end-item configuration. 

Some essential materials are not able to pass the current NASA flamma- 
bility criteria. These materials Include some clothing, various personal 
hygiene articles, paper, and food. Avoiding large concentrations of these 
materials through good housekeeping practices Is one way of lowering the risk 
of fire In the spacecraft. 


SPACECRAFT FIRE DETECTORS 
Types 

Fire detection on the Space Station could be accomplished In several ways. 
Ionization-type smoke detectors, such as are used on the Space Shuttle Orblter, 
could be used for this purpose. These detectors react best to particles In 
the 0.1 to 0.3 pm diameter range (ref. 132). This size range of particles Is 
produced by flaming combustion. Ionization-type smoke detectors tend not to 
react well to particles with diameters larger than 0.3 ym. 

Photoelectric-type smoke detectors are another possibility. These detec- 
tors react best to particles larger than 0.3 ym (ref. 132). 

A method of smoke detection using a condensation nuclei counter such as 
was considered during the Apollo program would be feasible on Space Station. 

The condensation-nuclei fire detector (CNFD) uses a Wilson Cloud Chamber In 
Its operation. Smoke-laden air Is drawn Into the CNFD by a sampling pump and 
Is passed through a device with water to provide close to 100 percent relative 
humidity In the air sample. The pressure In the chamber In which the sample 
Is located Is then suddenly reduced by a vacuum pump. The moisture In the 
then supersaturated air will condense on nuclei present In the air sample, such 
as particulates from smoke. In tests conducted by Brlcker (ref. 133), the 
CNFD was found to be faster than either Ionization or photoelectric smoke 
detectors. The CNFD reacted well to both visible flames and to smoke from 
smoldering plastics after the plastics smoke had been passed through a device 
to further pyrollze It Into smaller particles. 

The CNFD type of detection system Is not Immediately ready for use In a 
microgravity environment. The CNFD utilizes water In Its operating system to 
humidify the air samples. This makes this detection method somewhat more dif- 
ficult to use In a microgravity environment than other methods. There Is also 
more maintenance Involved In the CNFD operating system. 
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The Internal atmosphere in Space Station will be kept as free from par- 
ticulates as possible for various health and operating reasons. The concentra- 
tion of particulates In the Internal atmosphere will be monitored by the use 
of a particle counter. Since both smoldering and visible combustion produce 
high concentrations of particles, It may also be feasible In the Space Station 
to use a particle counting system for a smoke detection method. 

Commercially available optical-type particle counters today can measure 
particles with diameters as small as 0.3 pm, much the same as photoelectric 
smoke detectors. Commercially available condensation- nuclei counters can 
measure particles as small as 0.01 ym. The condensation-nuclei particle 
counters use alcohol as their condensation fluid, however, so their use in a 
manned spacecraft presents a threat in Itself. 

With the threat of fire from a flammable liquid that may be used In a 
Space Station laboratory, the use of ultraviolet or Infrared fire detectors 
must be considered. Both types of detectors are line of sight devices; that 
Is, there must be a clear path between the fire and the detector. They both 
detect electromagnetic emissions from flames. 

Ultraviolet fire detectors can be adversely affected by extraneous emis- 
sions of electromagnetic radiation close to the ultraviolet portion of the 
spectrum. These emissions can Include x-rays and microwaves. Infrared fire 
detectors can be affected by heat-producing devices within a space station. 
Ovens with high-temperature heating elements and viewing ports may cause 
Infrared fire detectors to alarm. 

In line with previously mentioned safety concerns regarding chemical con- 
tamination, a real-time Infrared atmospheric analysis device Is a possibility 
for fire detection. This type of device would detect gases from combustion 
such as carbon monoxide, hydrogen fluoride, or hydrogen cyanide. 

Detector Systems 

Any detection scheme will do no good If It Is not designed to be in the 
path of smoke transport from a fire. The lack of natural convection In the 
microgravity of space makes the location of the detector a critical factor In 
Space Station. A possible approach Is to locate the smoke detection devices 
In the environmental control and life support system (ECI.SS) air circulation 
ducts. Smoke or particulates generated by combustion would be carried by the 
forced airflow through a duct to the smoke detector. Care must be exercised 
In this arrangement to have smoke detection devices located so as to be able 
to easily locate the source of an alarm In ducts that are manifolded together. 
Manifolded ducts will require more detectors. 

After the smoke detection method has been chosen for Space Station, the 
decision as to how Its Input/output operation will be configured must be made. 
The annunciation of the alarm must get the critical Information to the crew as 
quickly as possible. This Information should Include the fact that a detector 
has gone Into an alarm condition, the location of the actuated detector, and 
the spread of the fire or Its products. The actuation of a smoke detector 
should be Indicated by both audible and visual means In Space Station. Infor- 
mation concerning the alarm should be available via commands to an onboard 
computer system. Visible means should be provided within an individual module 
to easily locate any smoke detector that Is In an alarm condition. 
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All fire detection devices respond to some fire signature. These Include 
visible and Invisible particles, combustion gases. Infrared and ultraviolet 
spectra, heat, and pressure Increase. Many of these signatures are also pro- 
duced by controlled phenomena, however, making the task of detecting hazardous 
uncontrolled fire more difficult and subjecting fire detection systems to false 
or Inadvertent alarms. The goal of a fire detection system Is to Indicate with 
a high degree of confidence that a fire has occurred. False alarms must be 
minimized to prevent loss of crew productivity and alertness. The goal can 
thus be achieved by choosing good Initial detection thresholds for fire signa- 
tures and by having the capability to adjust the thresholds as operating con- 
ditions and experience Indicate. Multiple, Independent detection techniques 
are also needed to Independently confirm the existence of hazardous fire 
conditions. 


SPACE STATION FIRE SUPPRESSION 

Fire suppression on Space Station Is also not easily accomplished with 
just one method. To effectively cover credible fire scenarios, both fixed and 
portable fire suppression systems are needed on a space station. 

Gaseous Extlngulshants 

Gaseous agent fire suppression systems may be designed for either total 
flooding of a module or flooding of equipment or storage racks within a module. 
In either case, overpressurization of a module may occur and must be considered 
In the design of a fire suppression system. Module overpressure venting may 
be required during fire suppression agent discharge. 

Gaseous fire suppression agents are very easy to handle In the micrograv- 
ity of space. Bromotrlf luoromethane, or Halon 1301 as It Is commonly called, 

Is one very effective gaseous extinguishing agent. It chemically Inhibits 
chemical chain reactions In the combustion process to extinguish fire. Con- 
centrations required for extinguishment of fires In electrical components are 
In the range of 7 percent by volume (ref. 134). 

The use of Halon 1301 would require the least amount of agent storage 
space and pressure among the various feasible gaseous agents. Halon 1301 can 
be stored at <4 MPa (600 ps 1 ) . The use of Halon 1301 would require no Immedi- 
ate cleanup of the area or surfaces In contact with the Halon or fire. 

Disadvantages of Halon 1301 Include the toxicity and corrosiveness of Its 
decomposition products and of the agent Itself. Halon 1301 may be Incompati- 
ble with certain elements of the ECLSS on a space station. The most effective 
method of agent removal after discharge would be module venting. 

Carbon dioxide Is another gaseous fire suppression agent that may be 
feasible. It extinguishes combustion by displacement of oxygen In the atmos- 
phere. Concentrations of carbon dioxide In total flooding system applications 
for electrical hazards on earth require carbon dioxide concentrations of 
50 percent (ref. 135). This represents more mass that must be carried Into 
orbit. Atmospheres of this composition are fatal to humans. 

The use of carbon dioxide on a fire would also require no cleanup of the 
area contacted by the extlngulshant. Carbon dioxide discharging onto equipment 
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would present a low- temperature thermal shock to the equipment being impinged 
upon. Storage pressures of carbon dioxide are higher than Halon 1301. Carbon 
dioxide is stored in gaseous and liquid form on earth at pressures up to 
6 MPa (900 psi). 

Removal of carbon dioxide after discharge would first require partial 
venting of the module. After the module has been partially vented, the resi- 
dual carbon dioxide could be removed by the carbon dioxide separation capabil- 
ity of the ECLSS. Although small concentrations of carbon dioxide could be 
removed by the ECLSS, high concentrations occurring in a short time may be a 
potential problem with the carbon dioxide separation capability of the ECLSS. 

The use of carbon dioxide to flood equipment racks appears to be more 
possible than a total flooding system for a module. The amount of module 
venting required to prevent overpressurization would be less. The impact to 
the ECLSS would also not be as significant. 

Nitrogen is another inerting gas that may be used as a fire suppression 
agent. It has the same basic extinguishing characteristics and problems as 
carbon dioxide. If module venting upon discharge of the nitrogen is used to 
prevent overpressure conditions, the concentrations required for fire suppres- 
sion would be fatal to humans within the design discharge volume. 

Removal of nitrogen after its discharge would again require partial vent- 
ing of a module, with oxygen being added after the partial venting to restore 
the normal atmospheric composition. 

Use of fixed gaseous fire suppression systems for flooding equipment and 
storage racks in a module would require a lower quantity of suppression agent 
than a total flooding system for a module. This method would also reduce the 
risk of asphyxiation to crewmembers, as it is not likely that persons would be 
present inside a storage or equipment rack. 

There are also disadvantages to the flooding of equipment and storage 
racks with gaseous agents. An extensive agent piping network would be 
required. The location of the individual rack in which the fire had occurred 
must be known. If rack flooding is used, means must be developed to prevent 
the mixing and subsequent dilution of the gaseous suppression agent with 
module air from outside the rack. The forced airflow through the rack must be 
stopped and the rack must be sealed from the module prior to agent discharge. 
Sealing the racks prior to agent discharge would also help reduce the spread 
of products of combustion. 

Portable fire extinguishers could be used within the habitable space for 
fire suppression. These portable fire extinguishers could use the same gaseous 
agents as the fixed fire suppression systems. Removal of the fire suppression 
agent after discharge from a portable extinguisher would be somewhat simpler 
due to the lesser quantities. Removal of Halon 1301 would still have to be 
accomplished by venting the module to vacuum. 

Consideration must be given to the reaction force that would occur due to 
discharge of the agent from a portable fire extinguisher. The reaction force 
from a fire extinguisher using Halon 1301 would be less than that of an extin- 
guisher using carbon dioxide or nitrogen because of the lower agent storage 
pressure. 
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Although use of each of the aforementioned gaseous fire suppression agents 
requires at least some venting of a module, operational procedures after the 
occurrence of a fire may also dictate that the module atmosphere be vented to 
vacuum due to the products of combustion alone. 

Gaseous fire suppression agents are successful to varying degrees In 
extinguishing fire In ordinary celluloslc or solid nonmetalllc materials. 

Halon 1301 Is the most effective gaseous fire suppression agent of the ones 
mentioned for use on fires In ordinary combustible materials, but It requires 
higher concentrations and longer time In contact with the combustion area to 
be effective. Carbon dioxide and nitrogen are less effective than Halon 1301 
for extinguishing fires In ordinary combustible materials. Fire extinguishers 
on earth using gaseous agents are designed mainly for use on flammable liquids 
and energized electrical equipment fires. 

Water and Foam 

Since gaseous fire suppression agents are not effective In the extinguish- 
ment of fires In ordinary combustible materials, the use of a backup fire- 
suppression system using water or water-based foam should be considered on 
Space Station. Such a system could take the form of either a portable extin- 
guisher or a hose and flow control nozzle connected to the onboard water sup- 
ply. A system using a foam agent would be effective on both flaming and 
surface combustion. Foam would adhere to the surface on which It was placed. 
Cleanup procedures would Involve wiping the foam from the area of application. 

The use of water In a fire suppression system would be feasible If a means 
to prevent the Introduction of large amounts of free-floating water In a space 
station were developed. This could be done by having a sponge applicator on 
the end of the water hose or the use of a rigid containment box that could be 
placed over the fire area and Into which the water would then be discharged. 

Complete Venting 

As a last resort, venting a module to the vacuum of space as a means of 
fire extinguishment could be used. The depressurization rate would be a con- 
sideration to prevent violent rupture of closed containers. Venting would 
also Increase the rate of flame spread of the fire. The possibility exists 
that If the fire were near the outlet for venting a module, the flame would 
follow the venting gases and damage the venting out piping and valve(s). 
Repressurization of the affected module may not be possible after the venting 
operation. 


FIRE SAFETY IN HYPERBARIC CHAMBERS 

Space stations may have hyperbaric chambers for use In treating various 
types of decompression sickness that may occur during crew extravehicular 
activity (EVA). Capability to provide up to 600 kPa (6 atm) of pressure with 
varlng percentages of oxygen, Including some that are oxygen-enriched with 
respect to normal atmospheric composition, may be required from a medical 
standpoint. Fire detection and suppression systems specifically designed for 
an oxygen-enriched environment will have to be provided for a hyperbaric 
chamber on Space Station. Fire detection could be either smoke or flame 
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either smoke or flame detectors. Flame detectors of either the ultraviolet or 
Infrared type would provide the fastest response. 

Fire suppression In an oxygen- enriched environment Is a more complicated 
matter than the choice of detection methods. Of great Importance Is the fact 
that the occupants of the chamber cannot easily leave the confines of the 
chamber. The fire suppression agent chosen must be nontoxic and minimize the 
production of toxic decomposition products. Ha Ion 1301 has been tested for 
use In an oxygen-enriched environment by Klmzey (NASA Manned Spacecraft Center 
Internal Note, Oct. 1967). Fie concluded that Halon 1301 Is not effective for 
extinguishing fire In pure oxygen atmospheres. Halon 1301 In other oxygen 
enriched atmospheres must be carefully evaluated for effectiveness and tox- 
icity due to decomposition byproducts and concentrations required for fire 
extinguishment. 

The use of carbon dioxide for a fire-suppression agent would present an 
asphyxiation hazard to the chamber occupants. Nitrogen could be added without 
displacing the existing oxygen for fire- suppression purposes. Water would also 
be feasible for use as a fire-suppression agent In a hyperbaric chamber In a 
microgravity environment. A system such as this would utilize a dedicated 
water supply tank containing water at a pressure sufficiently higher than the 
hyperbaric chamber so that an effective spray pattern could be achieved from 
the discharge nozzles. The discharge nozzles would be designed for three- 
dimensional Impingement. Water flow densities could be based on requirements 
for oxygen- enriched atmospheres at normal- gravity conditions. Cleanup and 
containment equipment and procedures would be necessary for a fire suppression 
system using water. 


FIRE CONTROL PROCEDURES 

After the fire detection and suppression systems have been designed and 
built and Space Station Is operational, the problem of "what to do when fire 
occurs" becomes one for humans to solve. A Space Station crew will have to be 
thoroughly trained to cope with fire emergencies. 

After a fire has been detected, adequate means must be provided to alert 
the crew that a fire Is In progress. The crew must then be able to Interpret 
signals from the fire detection system to locate the fire quickly. Upon 
locating the fire, the crew must have a good Idea of what the fire Involves 
and how much of a threat It appears to be. The crew must perform tasks such 
as donning emergency air breathing apparatus, shutting off airflow to the 
affected equipment, and disconnecting electrical power to the affected equip- 
ment If deemed appropriate. The method of extinguishment must be decided upon. 
Should a fixed or portable gaseous agent system be used? Perhaps a water-based 
system would be better. The agent must then be effectively applied. After 
the fire has been extinguished, the fire area and Its effects must be cleaned 
up. Finally, normal operations must be restored. 

The tasks required to completely handle a fire on earth are usually done 
by several different entitles. In Space Station, the crew will have to handle 
all of the tasks Involved; their lives will depend on It. 
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Figure 1. - Sketch of Space Station module arrangement. 



Figure 2. - Interior space in Space Station module. 
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MICROGRAVITY COMBUSTION FUNDAMENTALS 


Kurt R. Sacksteder 
NASA Lewis Research Center 


INTRODUCT ION 

Systematic Investigation of fundamental and applied combustion phenomena 
has been actively pursued for a number of decades. These efforts have usually 
been motivated by technological need In such diverse areas as ground and air 
transportation, electrical power production, and fire prevention. Naturally 
all such work has been done In the gravitational environment of the Earth, and 
an accounting of gravitational Influence, while sometimes negligible, has usu- 
ally been required. The growth of manned presence In the low-gravity environ- 
ment of Earth orbit has provided a new technological need for directed 
combustion research related to spacecraft fire safety and at the same time has 
provided the means to pursue fundamental and applied combustion research In a 
low-gravity environment. 

The earliest work In low-gravity combustion In the United States was 
related to the assessment of fire hazards In spacecraft (ref. 131). The flam- 
mability of certain test materials and the effectiveness of several candidate 
fire-extinguishing agents were evaluated In a quiescent, low-gravity environ- 
ment. Based on the results of these quiescent chamber tests, material- 
screening test standards were established for spacecraft material selection 
(ref. 4). Other early work In low-gravity combustion was of more fundamental 
character, concerned more generally with using the low-gravity environment to 
simplify the physics of normal-gravity phenomena. Work of this sort was pur- 
sued In the area of premixed gases (refs. 136 to 139), unpremlxed gases 
(refs. 140 to 143), solid-fuel flame spreading (refs. 144 to 146), droplet 
combustion (ref. 147), dispersed fuels (ref. 148), liquid pool fires (ref. 
149), and smoldering (ref. 150). 

Advances In the fluid mechanics of combustion have led us firmly to the 
conclusion that the equations describing energy, momentum, and mass balances, 
and chemical reaction rates are coupled. Changes In the body force, or gravi- 
tational terms In the equations describing fluid motion, result In changes to 
the coupled terms In the other system equations, which, In turn, again Influ- 
ence the fluid motion. Were the equations uncoupled, body force changes In 
the momentum balance would affect only the solution for fluid motion, and the 
other processes would be unaffected. Thus while low-gravity combustion 
research Is a useful tool for understanding normal-gravity applications, care 
must be taken to avoid overgeneral 1 zing the Interpretations of low-gravity 
experimental results. Careful modeling work Is an Indispensable corollary 
effort to combustion experimentation, In order to correctly apply the results 
from one gravitational environment to another. 

The application to spacecraft fire safety of our understanding of the 
physical and chemical processes that dominate combustion In low gravity Is 
somewhat easier to achieve. Hazard analysis, and fire detection and Interven- 
tion strategies can be derived more directly from low-gravity results. On the 
other hand, as a practical matter the screening of materials for use In space- 
craft must be performed In ground-based, normal-gravity laboratories. Funda- 
mental low-gravity combustion research Is thus essential until a knowledge of 
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the fundamental processes involved is adequate to establish a well-understood 
relationship between low-gravity experiments and ground-based material 
screening tests. 

What follows is a brief summary of some of the important physical proc- 
esses involved in low-gravity combustion. While discussion is generally 
limited to the processes involved in the combustion of continuous, solid, non- 
metallic fuels, much of the reasoning presented can be applied to other fuel 
types and configurations. To the extent that the contributing mechanisms are 
known and understood in various fire scenarios, strategies can be developed to 
retard or prevent their progress. As low-gravity fire scenarios may require 
the consideration of some mechanisms normally considered as having secondary 
importance, some of these mechanisms may in this context be investigated in 
some detail for the first time. The value of such knowledge is accentuated in 
spacecraft fire planning because of the high cost of fire safety provisions 
and the even higher cost of failure. 

C0MBUS1 ION MECHANISMS 

The ignition and propagation of a fire is an interplay of rate processes 
including the generation of fuel vapor, one or more fuel-air mixing 
mechanisms, heat release from the chemical reaction, and the allocation of 
that heat to fuel generation, mixing, and dissipation. 

Fuel Generation 

Fuel generation refers to the delivery of fuel to the vicinity of the 
flame zone, which is most often located in the gas phase. In the burning of 
solid or liquid fuels, the generation of fuel is generally some combination of 
chemical decomposition, or pyrolysis, and a phase change, such as evaporation, 
sublimation, or melting and evaporation. The phase change involves substantial 
expansion of the fuel and thereby Influences the gas-phase flow field. Con- 
tributions to the flow field from fuel generation can be quasi-steady or pre- 
cipitous and chaotic, and they are generally difficult to analyze. 

Fuel generation also Involves an energy exchange between the phases. 

Latent heats associated with phase changes and pyrolysis reactions act as net 
heat sinks with respect to the propagating flame. The feedback mechanisms of 
heat to the fuel surface generally Include conduction, convection, and radia- 
tion, and they are complicated by the presence of soot in the gas phase and 
fuel charring on the surface. For purposes of fire extinguishment, the 
feedback loop of fuel generation and heat transfer to the surface may be the 
most important focus of intervention strategies. 

Mixing 

The fuel-air mixing mechanisms in the propagation of flames are in each 
case a combination of bulk fluid motion acting in the presence of the diffusion 
of fuel vapors, oxygen, inert gases, and combustion products. Bulk fluid 
motion can be induced by several mechanisms, including buoyancy-driven (density 
gradient) flows, externally imposed, forced (pressure gradient) flows, and the 
flows associated with the pyrolysis/vaporization of the condensed- phase fuel 
(mass addition). The spread of the flame into regions containing fresh fuel 
and air and the flows driven by surface tension gradients of molten fuel can 
also contribute to the mixing process. In order for a flame to exist and 
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propagate, the aggregate mixing mechanisms must be effective to maintain a 
zone of flammable fuel-air mixture near enough to the existing flame to be 
continuously ignited. 

Concentration-gradient diffusion of species on a molecular level is the 
most fundamental of the fuel-air mixing processes, wherein fuel vapors from 
the vicinity of the fuel surface gradually intermingle with the oxygen supply 
away from the surface. The process is relatively slow compared to the heat 
release rates required to sustain the fuel generation process. In the absence 
of additional mixing mechanisms, the presence of inert gases and gas-phase 
combustion products retard diffusive mixing of fuel and oxygen still further, 
such that the fuel vapors and oxygen must diffuse through a generally thick- 
ening layer of chemically inactive species to sustain adequate mixing rates. 
Thus systems dependent solely upon diffusion as the mixing process would gen- 
erally fail to sustain a flame. 

In normal-gravity fires large density gradients are created by rapid heat 
release in the flames. Under the influence of gravity these density gradients 
cause substantial natural-convection or buoyancy-driven flows, which often 
entirely overwhelm other fuel-air mixing processes. The coupling of buoyancy 
to heat release rates, other mixing mechanisms, and chemical reaction rates 
makes these flows difficult to analyze. As a result, progress in the under- 
standing of normal-gravity fire spreading has been through the implementation 
of full-scale testing of a variety of configurations. Removal of the gravita- 
tional influence in the study of fires that might occur in a spacecraft 
exchanges this one mixing mechanism, which is difficult to analyze, for other, 
more subtle mechanisms, only one of which is molecular diffusion. The identi- 
fication and evaluation of these subtleties have direct application in the 
analysis of low-gravity fires. 

Ground-based, low-gravity experiments have shown how small fluid disturb- 
ances affect the perceived flammability of a material. An early approach to 
quiescent flame-spreading tests in drop towers was to reserve the limited low- 
gravity time (less than 6 sec) for flame propagation and to ignite the test 
samples before the drop release. Fluid motion generated by buoyancy during a 
normal-gravity ignition, although in decay after the drop release, often per- 
sists throughout the drop test and cannot be ignored. Samples ignited after 
the drop release in quiescent flame-spreading tests show reduced flame-spread 
rates up to moderate levels of oxygen content in the air when compared to the 
predrop ignition tests. While instructive from a procedural point of view, 
the comparison of these two methods also indicates the importance of fluid 
motion, which is less energetic than buoyancy- induced motion, to low-gravity 
flame spreading. 

The influence of forced external flows on flame-spreading rates has been 
studied extensively in normal gravity. In the most general terms, an 
externally imposed flow, when acting as a mixing enhancement mechanism or as 
an aid to heat transfer to the fuel surface, increases flame propagation rates. 
As the strength of the forced flow increases, however, it can serve as a heat 
sink mechanism and retard flame spreading. Similarly, the forced-flow influ- 
ence vanishes as its strength approaches that of the buoyancy-induced flow 
present in all such tests. Although a discussion of these observations is 
incomplete without including the convective heat transfer effect of the flow, 
the fuel-air mixing aspect of very low-speed (sub-buoyant) flows is not 
addressed at all in these experiments. Ventilation of spacecraft cabins for 
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life-support purposes provides such low-speed flows, and Its potential Impact 
on low-gravity flammability Is a subject of current research activity. 

The momentum associated with the pyrolysis/vaporization of fuel at the 
surface must be included as a mixing process in the analysis of fuels burning 
In quiescent low-gravity environments. The strength of this mechanism Is a 
property of the fuel material and is related to the latent heat required to 
generate the fuel vapor and the behavior of the fuel surface during the fuel 
generation process. Low-gravity experiments in flame spreading have shown 
that this fluid motion acting together with diffusion can sustain propagating 
flames In the absence of other mixing mechanisms. The quiescent experiments 
conducted to date have shown that, for the simple paper samples examined, 
stable flames can be sustained only at higher oxygen concentrations than are 
required to burn the same material In normal gravity. Detailed modeling of 
the process has required the Inclusion of the effects of a surface fuel "jet" 
in order to predict accurately the flame shapes observed in the experiments. 

Other materials, having entirely different processes governing the release 
of gaseous fuel from the condensed-fuel surface, may exhibit a stronger influ- 
ence of the fuel jet on the flame. Some burning plastic materials melt, then 
boll, at the surface. Experiments conducted at low gravity on the burning of 
nylon Velcro samples have shown precipitous release of fuel vapor from bubbles 
of molten plastic (ref. 146). This mechanism of fuel release and mixing ran- 
domly Injects fuel vapors Into the flame and renders nylon samples, mounted 
without a heat sink substrate, flammable In moderate oxygen concentrations at 
low gravity. The bursting of bubbles In molten fuels has also been shown to 
eject small particles of burning material from the surface. These particles 
might also serve as additional Ignition sources for remote fuel locations. 

Other plastic samples such as slabs of polymethylmethacrylate (PMMA) form a 
char on the molten fuel surface that acts to inhibit the vaporization of fuel. 
Thus the surface behavior of burning materials may become a material character- 
istic to be considered In the evaluation of fire hazards In a low-gravity 
environment. 

Quiescent experiments performed at low gravity have also shown that non- 
flaming combustion or smoldering may occur at the surface of exposed materials 
In low gravity. Samples that have seemed to extinguish during low-gravity 
tests have reignited upon the resumption of the gravitational Influences at 
the end of the test. Thus the distinction between the propagation of a flame 
and extinction may not be as clear In the low-gravity environment as It gener- 
ally Is In normal gravity. 

Finally, mixing of fuel vapor generated at the surface with the sur- 
rounding air can be accomplished by the propagation of the flame along the 
fuel surface. For fuels requiring relatively small amounts of energy for fuel 
generation, the flame can race ahead of the accumulation of combustion products 
and Into a continuing supply of fresh oxygen. 

The relative Importance of the various mixing mechanisms, Including molec- 
ular diffusion, the presence of forced flow, fuel Injection from the surface, 
and the spreading of the flame Into a fresh air supply, Is determined by the 
properties of the fuel and the environment In which it is burning. These rel- 
ative Influences are not well understood and are worthy of additional study. 
Since fuel properties can determine the dominant mixing mechanism, the 
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classification of flammable materials by mixing-related properties may become 
a useful tool in spacecraft fire prevention and control. 

Heat Release 

The rate of heat release from propagating flames is determined by the 
chemical energy content of the fuel, the ratio of vaporized fuel to the avail- 
able oxygen at the flame, and the ratio of the time the reactants are in the 
vicinity of the flame to the time required for the reactants to react. Since 
only a narrow range of fuel-air ratios will be flammable, the location where 
flammable mixtures occur and the residence time of the flammable mixture in 
the flame zone depend largely upon the fuel-air mixing process. Thus the 
energy release in a propagating flame in low gravity is controlled largely by 
the low-gravity fluid mechanics. 


Heat Distribution 

The location of the flame relative to the fuel and, to a lesser extent, 
the shape of the flame establish the boundary conditions for the active mech- 
anisms of heat transfer from the flame. In the gas phase, conduction from the 
flame normal to the fuel surface and parallel to the surface in the direction 
of flame spread must be considered in the analysis of the fuel-generation 
feedback system. The temperature gradients that drive conducted heat in the 
gas phase are, in general, distorted by convection. Conduction of heat in the 
solid phase can also play a significant role. For fuels appearing in engi- 
neering configurations, there often exists a heat conduction path normal to 
the fuel surface, which provides a dissipation mechanism. Depending upon the 
fuel thickness, heat conduction through the fuel in the direction of flame 
spread can also participate in the fuel-generation feedback system. 

The participating mechanisms in the flow field determine the Importance 
of convective heat transfer. The role of convection is ambiguous, since it 
can provide both a mechanism to distribute additional heat to the fuel surface 
and a mechanism to carry heat away from the system. When viewed as a departure 
from diffusion-controlled flame spreading, the convecting flow field, added to 
a flame spreading in low gravity, almost invariably will enhance the flamma- 
bility of materials. Experimental comparisons of normal and low-gravity heat 
convection in flame spreading are not yet available. Analysis of convection 
in the low-speed flows associated with low-gravity flame spreading is thus a 
prerequisite to an understanding of fire scenarios and the development of pre- 
vention and control strategies. 

The role of radiative transport in low-gravity flame spreading is also 
not well understood. The optical depth of small-scale laboratory flames that 
have been observed in low-gravity experiments is small enough to disregard 
contributions of radiative transport to the fuel surface. On the other hand, 
the role of radiation may be prominent in dissipative losses from the fuel 
surface. The behavior of the fuel material surface in the combustion environ- 
ment, for example, the appearance of a surface char layer, will determine the 
Influence of this mechanism. 

LOW-GRAVITY RESEARCH FACILITIES 

Ground-based, low-gravity testing has been indispensible in the study of 
the behavior of microgravity combustion. In addition to providing data on 
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low- gravity behavior, these facilities have provided valuable Insight Into the 
transitory behavior of systems. The response of a dynamic system to step 
or gradual changes In body forces can be used to explore the time scales 
of the various participating mechanisms. In addition, revelations such 
as the demonstration of the Influence of low-speed flows on material flamma- 
bility have been obtained. 

Two classes of ground-based, low-gravity research facilities are avail- 
able: drop towers or tubes, and specially equipped aircraft that fly short- 

duration, free-fall trajectories. The choice of facility for a particular 
experiment depends upon the elapsed time and the level of reduced accelerations 
required for the experiment. 

Drop towers and drop tubes are truly ground-based facilities that simply 
provide an unobstructed vertical space In which an experimental apparatus can 
free-fall. True free-fall Is approached by eliminating aerodynamic drag on 
the falling experiment either by evacuating the drop pathway or by surrounding 
the apparatus with a drag shield, which permits the apparatus to free-fall 
within the more slowly falling shield. Relative accelerations within the 
falling experiments are typically less that 10 _& times normal Earth gravity 
(one g), while test times of no more than 6 sec are available. Experiment 
containers are decelerated gradually at the end of the test for reuse. Drop 
facilities using the drop shield technique can provide up to 10 experiments 
per day. 

Low-gravity aircraft provide significantly longer test times, generally 
up to about 30 sec. The low gravity Is obtained by executing a parabolic 
trajectory maneuver. The maneuver consists of a dive to gain airspeed, fol- 
lowed by a pul 1 up and a nulling of aerodynamic and propulsion forces to achieve 
a free-fall over a parabolic hump. Finally, the aircraft Is pulled up Into 
level flight. The low gravity test time Is bracketed between periods of about 
2 g's associated with the pull ups . Experiments attached directly to the air- 
frame experience minimum accelerations that are typically about 10 - 2 g, while 
selected experiments can be allowed to float within a large aircraft to obtain 
somewhat reduced minimum accelerations. Depending upon the aircraft and the 
trajectory sequence, up to 40 low-gravity experiments can be performed during 
a single flight. 
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SPACECRAFT MATERIAL FLAMMABILITY TESTING AND CONFIGURATIONS 

Paul W. Ledoux 

McDonnell Douglas Astronautics Company 
Houston Operations 


BACKGROUND 

As a result of the Apollo AS204 fire, NASA made a commitment to the 
Congress that the agency would be aware of the type and quantity of each mate- 
rial in the habitable area of manned spacecraft. NASA also committed to con- 
duct flammability tests on material and configuration to verify the fire safety 
of manned space vehicles. Major points resulting from investigations were to 

(1) control the launch environment ( 1 . e . , control oxygen concentration), 

(2) have onboard a fire extinguishing system, (3) have a standard and con- 
trolled set of flammability requirements, and (4) conduct configuration and 
full-scale flammability tests. 

Since the AS204 fire, NASA has had other accidents that caused a reevalu- 
ation of materials flammability in high-pressure oxygen systems. The first 
was the Apollo 13 incident, which was an in-flight fire in a cryogenic pres- 
sure vessel that resulted in the vessel rupture and caused an abort of a lunar 
landing mission. The second incident was a Shuttle ground test, where an 
Extravehicular Mobility Unit oxygen fire destroyed a test unit and a spacesuit 
and seriously Injured a technician. 


PRESENT REQUIREMENTS AND TRACKING 

As a result of these accidents, NASA has Imposed standard flammability 
requirements on all spacecraft material. The requirements are prescribed at 
Level I (NASA HQ) via NHB 8060. IB (ref. 4). At Level II (STS Program Office) 
JSC 07/00, vol. X, paragraph 3. 5. 2.1, states "Materials and processes shall be 
selected in accordance with JSC- St- R- 0006. " This document imposes the NHB 
8060.1 requirements in addition to other materials requirements such as cor- 
rosion, stress corrosion, fracture control, age life, and vacuum stability. 

The JSC-SE-R- 0006 also requires that each element and major contractor prepare 
a materials control and verification plan. The Orbiter project plan Is in JSC 
11739 "Shuttle Orbiter Project Materials Control and Verification Program 
Management Procedures." 

The material control procedures for the Orbiter are accomplished by the 
Materials Analysis Tracking and Control (MATC0) system. This system is essen- 
tially a central computerized system where all materials used in the Orbiter 
in both the original design and the as-built design (changes by Material Review 
(MR), Discrepancy Reports (DR's), and Test and Checkout Procedures (TCP)) are 
recorded. The documentation requirements tracked by MAT CO Include material 
usage, flammability acceptability, toxicity, age life, vacuum stability, and 
fluid compatibility acceptability. This system assures that all materials are 
reviewed, approved, and have their waivers tracked. Figure 1 has a flow dia- 
gram for this procedure. 
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The philosophy NASA uses In fire prevention Is (1) assume an Ignition 
source exists and a fire can start, and (2) require that any fire once started 
shall be self-extinguishing within a short distance. This Is accomplished In 
the design by assuring that exposed materials are self-extinguishing as a 
material or when tested In the use configuration. Flammable materials must be 
stowed In a nonflammable container, have fire breaks along the material to 
prevent propagation, or be protected with a flammability barrier. There Is 
also extensive use of fire breaks as well as proper housekeeping during the 
mission. 

Material and configuration testing for the Shuttle Is mainly at 30 percent 
oxygen concentration at 70 kPa (10.2 psla). This Is the worst-case atmosphere 
during a mission and occurs 10 hr prior to an extravehicular activity (space 
walk). The pressure Is reduced from the nominal 101 kPa (14.7 psla) and the 
oxygen concentration Is Increased to 30 percent for medical reasons to prevent 
the "bends" during an EVA. 

The nominal atmosphere Is 101 kPa (14.7 psla) with a 23.8 mass-percent 
oxygen concentration. However, the maximum oxygen concentration that can occur 
before the Caution and Warning system will Initiate an alarm Is 25.9 percent. 
NASA has tested many materials at the 23.8-, 25.9-, and 30- percent-oxygen 
levels for the Shuttle program. In addition, NASA has a large data base at 
100 percent oxygen at 35 kPa (5 psla) and 115 kPa (16.5 psla). The data In 
figure 2 show how flammability of material Is affected by percentage of oxygen 
for those materials that would be considered for spacecraft applications. 

This may represent the whole population of materials. 


FLAMMABILITY CONTROL IN PRACTICE 

One method used In the Shuttle vehicle to reduce flammability Is to con- 
trol spacing of flammable materials such as Velcro and wire ties. The Velcro 
Is flammable, but NASA has a spacing requirement that all Velcro usage should 
be not more than 25 cm^ (typically 2 by 2 In.) and each piece must be sepa- 
rated by 5 cm (2 In.) from each other piece In three dimensions. The wire tie 
spacing states that all wire ties must be 5 cm (2 In.) apart unless a nonflam- 
mable tie such as Teflon-coated glass ties are used. 

Flammable materials must be stowed In nonflammable containers such as 
metal boxes or the polycarbonate stowage boxes used In the Orblter. Other 
nonflammable bags may be used, such as bags made of double layer Nomex (at 
least 230 g/m (7.5 oz/yd) each) with a Teflon-coated glass fabric In between. 
NASA used Teflon- coated beta cloth for stowage bags In Apollo, but these were 
not durable enough for a reuse vehicle like the Shuttle. Nonflammable bags 
for wet stowage have been made by making a bag out of two layers of Nomex 
fabric (230 g/m (7.5 oz/yd)) with an Inside layer of neoprene-coated nylon. 

The Inside of the Orblter Is additionally protected from a major fire by 
compartmentatlon of the electronics. For example, the many electronic areas 
are each In their own compartment to minimize the spread of a fire. Each com 
partment has either fire extinguisher nozzles from the central fire extinguish 
Ing system or has fire extinguisher access ports In front of the panel for the 
hand-held fire extinguisher to be used to put out a fire. In addition, wire 
bundles are routed In trays when exposed to the cabin to ensure that the wire 
bundles cannot be damaged. 
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NASA has used several techniques to protect flammable materials or compo- 
nents that must be used either In the design or the operations of the Shuttle. 
Examples Include wrapping plastics with aluminum tape as a fire barrier. This 
has been used on many small off-the-shelf Items such as power screwdrivers, 
calculators, and other hand-held devices. Also employed are nonflammable 
sleeves made of beta cloth or double layers of Nomex, nonflammable coatings, 
etc. 


There have been over 30 tests on electronic "black boxes". These range 
from hermetically sealed units backfilled with an inert gas to air-cooled 
electronic boxes. Most of those made of a nonflammable container passed the 
configuration test. Those that failed had flammable materials on the outside 
or used urethane foam In the box with a large void space. The boxes that were 
air cooled had to meet the following conditions to pass a configuration test 
( 1 . e . , no flames outside the box): (1) have air flows below 3.7 m/sec 

(12 ft/sec) or above 9 m/sec (30 ft/sec), (2) have the vent holes covered with 
a steel screen of 100 mesh or greater, and (3) assure that the flowing air did 
not create a "chimney effect" by having a straight path from the Inlet to 
outlet. 


FUTURE NEEDS 

There are still some flammability problem areas or applications that could 
be Improved. One of the areas that could be Improved Is the fire extinguisher. 
The present extinguisher medium Is Halon 1301. This material has several 
shortcomings, Including (1) the products produced In fighting a fire are cor- 
rosive to electronics and are toxic, (2) It has limited effectiveness above 
33 percent oxygen concentration, (3) It requires care In usage to ensure that 
sufficient quantity Is put on the fire. 

The water emulsion system used on Apollo was very effective, but there 
was always the concern about water on electrical systems. 

Other areas that could use some Innovation are (1) clothing for the crew 
during the mission, (2) nonflammable foams for cushions, and (3) paper and 
cardboard for flight data files and cuecards. 
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Figure 1. - Review logic for Shuttle material acceptance. 
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Figure 2. - Data on material flammability as function of oxygen concentration. 
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IGNITION AND COMBUSTION OF METALS IN OXYGEN 
Frank J. Benz 

NASA JSC White Sands Test Facility 
and 

S. Zhu 

Lockheed Engineering and Management Services Company 


IGNITION PROPERTIES OF METALS 

During the oxidation of metaTs that precedes ignition, the products adhere 
to the metaT surfaces as soTId oxide coatings. If the oxide coatings are tough 
and impervious to oxygen, they can inhibit further oxidation and subsequent 
ignition of metaTs. For exampTe, the ignition temperatures of metaTs have been 
observed to remain unchanged or even increase as oxygen pressure is Increased 
(ref. T5T). Oxide coatings can affect the ignition temperatures of metaTs by 
changing the overall oxidation kinetics of the metaTs and/or acting as a phys- 
ical barrier separating the unreacted portions of the metaT from the surround- 
ing oxygen (ref. 152) . 

The effects of oxide coatings on the oxidation of metaTs are complex, and 
entire texts have been written on the subject (refs. T 53 and T 54 ) . Laurendeau 
(ref. T5T) categorized oxide coatings as either being protective or nonprotec- 
tive. Oxidation rates for metaTs that form protective coatings are dependent 
on electric field-induced transport of metal ions through n- or p- oxide coat- 
ing, oxygen diffusion along pores in oxide coatings, and other mechanisms 
(ref. 155). Metals that form nonprotecti ve oxide coatings act as if they have 
fresh metaT surfaces, and the oxidation rates are dependent on physical and/or 
chemical adsorption of oxygen on the metaT surface. In general, oxidation 
rates for metals that form protective oxide coatings are slower and less 
dependent on pressure than oxidation rates for metaTs that form nonprotecti ve 
oxide coatings (refs. 152 and 155). 

In the case of oxide coatings acting as physical barriers, the ignition 
properties of zinc provide an excellent example. The oxide coating produced 
by zinc encapsulates the unreacted zinc, separating It from the surrounding 
oxygen. As the temperature is increased in a static system, the vapor pres- 
sure of zinc will eventually exceed the strength of the oxide coating. The 
oxide coating fails, releasing zinc vapor, which immediately Ignites with the 
surrounding oxygen. Increasing the surrounding oxygen pressure requires a 
greater vapor pressure or temperature to fall the oxide coating, which results 
in an apparent increase in the zinc ignition temperature. In a static system, 
aluminum will ignite when the melting temperature of its oxide is achieved. 

The ignition temperature of aluminum as oxygen pressure is Increased remains 
essentially constant, since the melting temperature of the oxide is independ- 
ent of pressure. 

Dynamic conditions that are characteristic of many Ignition situations 
can compromise the protectiveness of the oxide coatings and cause a decrease 
in the temperatures or energy inputs required for ignition. For example, the 
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ignition temperature of aluminum determined in static bomb tests was approxi- 
mately 2100 K (ref. 151), whereas, in frictional heating tests where samples of 
aluminum were rubbed together, aluminum ignited at temperatures below 700 K 
(ref. 156). Another example is aluminum samples that were impacted with sin- 
gle stainless steel particles (ref. 157). The total kinetic energy of the 
particles was less then 0.8 J, and only a small portion of this energy was 
converted to heat. The results indicated that aluminum ignited at bulk tem- 
peratures below 650 K. It is believed that during the impact process thin 
fibers of fresh aluminum metal were produced, which ignited and caused combus- 
tion of the entire samples. Thus, it is Important that the source of the 
energy stimulus be carefully considered to ascertain the effects the stimulus 
will have on the protectiveness of oxide coatings. 

An increase in oxygen pressure has, for many years, been viewed as caus- 
ing an increase in the potential for metals to ignite. Tests conducted at the 
NASA White Sands lest Facility (WSTF), in which metals were rubbed against 
themselves in oxygen, have revealed that increasing oxygen pressure does not 
always Increase the potential for ignition. It is believed that there exists 
specific pressures, above which, convective heat loss due to the higher oxygen 
density will overcome the potential Increase in the oxidation rate afforded by 
the increase in oxygen pressure. Test results have shown that, once a speci- 
fic oxygen pressure was exceeded, greater rates of frictional energies were 
required for ignition of metals as pressure was Increased (ref. 156). Other 
test results have Indicated that as oxygen pressure was increased during the 
rubbing process, the bulk sample equilibrium temperatures decreased. These 
results support the belief that Increases in convective heat loss as pressure 
is Increased can raise the energy requirements for ignition of metals or lower 
their ignition potentials. Testing has also Indicated that, when metals were 
exposed to a rubbing process and oxygen pressure was Increased, metals such as 
carbon steel exhibited a decrease in their bulk Ignition temperature, whereas 
other metals such as Monel showed bulk ignition temperatures Independent of 
pressure. It is believed that these results reflect the ability of certain 
metal oxides to retain their protectiveness even under dynamic conditions. A 
test effort at WSTF is presently being conducted to determine if similar pres- 
sure effects observed in the frictional heating tests are also characteristic 
of other ignition sources, such as ignition of metals by impact of particles 
entrained in flowing oxygen at high velocities. 


C0MBUS1 ION PROPERTIES OF ME1ALS 

Metals can burn as either vapors or liquids. This appears to be related 
to the boiling points and flame temperatures of metals. A comparison of these 
properties is listed in table I for aluminum that burns as a vapor and iron 
that burns as a liquid. The flame temperatures of metals are limited by 
enthalpy considerations at the metal oxide boiling points (ref. 152). 

In burning of bulk metals such as solid metal rods, measuring burn propa 
gation rates (V) can aid in the understanding of the combustion properties of 
metals. Metal rods in a vertical position and ignited at the top (downward 
propagation) exhibit V's which were generally greater than Vs for the same 
metal rods ignited at the bottom (upward propagation). The effect for the 
larger Vs observed for downward propagations was attributed to hot molten 
mass (produced from combustion) that had dripped down the rods and preheated 
or Ignited the unreacted portions of the rods (ref. 158). In the case of 
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upward propagations, the hot molten masses attached themselves to the bottom 
of the rods and were held by surface tension. As the size of the molten masses 
Increased, the weight of the molten masses eventually exceeded the force of the 
surface tension holding the molten masses to the rods. The molten masses 
detached from the rods and dropped away from the rods. Heat transfer required 
to support combustion of the rods was limited to the cross-sectional area at 
the molten mass/rod attachment points. 

Much has been learned about the overall combustion process of bulk metals 
by studying the upward burn propagation of solid metal rods. The transfer of 
heat, required to support combustion of the rod, Is believed to occur at the 
Interface where the molten mass attaches Itself to the rod. Temperature dif- 
ferences generated by the hot molten mass and the relatively colder solid rod 
are believed to cause convection currents In this region and provide the domi- 
nant mechanism for heat transfer (ref. 159). All other heat transfer paths 
such as radiation or conduction were considered to be negligible. 

Detachment of molten masses from the rod appeared to have very little 
effect on the V observed for mild steel that burns as a liquid (ref. 160). 
However, In the case of aluminum, which burns as a vapor, V was observed to 
be highly dependent on the detachment of the molten mass (ref. 158). The V 
appeared to be at a maximum during the Initial growth of the molten mass. At 
some point In the growth of the molten mass, V decreased to a smaller value 
and continued at this smaller value until detachment of the droplet again 
occurred; the cycle then repeated Itself. The decrease In V was attributed 
to the formation of vapor aluminum bubbles as the molten mass temperature 
reached the boiling point of aluminum. These vapor bubbles were believed to 
have lowered the heat transfer coefficient at the molten mass/rod boundary 
layer. The formation of vapor bubbles probably also hastened the detachment 
of the molten mass by lowering the surface tension of molten mass. 

As the diameters of the rod were Increased, V decreased for metals that 
burn as liquids and vapors (refs. 158 and 161). The decrease In V was 
attributed to greater conductive heat loss through the rod as compared to the 
Increase In heat generated by combustion as the diameter of the rods were 
1 nc reased . 

The effects of Increasing oxygen pressure on V again depended on whether 
the metals burn as liquids or vapors. Metals that burn as liquids exhibited 
Increases In V as pressure was Increased, and this was attributed to the 
Increase In the oxidation rate (refs. 160 and 162). However, In the case of 
aluminum that burns as a vapor, V was observed to Increase, decrease, and 
then Increase as pressure was Increased (refs. 158 and 161). Sato et al. 

(ref. 158) attributed this variation In V to the combination of an increase 
in the boiling temperature of aluminum and an Increase in the heating rate of 
the molten mass. Both these effects will change the time required to reach 
the boiling point of aluminum. 


POSSIBLE EFFECTS OF ZERO GRAVIIY ON IGNI1I0N AND COMBUSTION 

PROPERTIES OF METALS 

The effects of zero gravity on the ignition characteristic of metals will 
probably be small, since many of the ignition sources observed in real systems 
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Involve dynamic conditions, such as frictional heating produced in rubbing 
processes, impact of particles, and adiabatic compression ignition of oil or 
soft-goods, which in turn ignite metals (kindling chain). Since the pre- 
ignition oxidation products are solids, convective mass transfer near the metal 
surfaces does not appear to be Important in the oxidation kinetics in normal 
gravity, and thus the elimination of gravity should have no effect. However, 
in static systems where heat transfer due to free convection is important, 
changes in the ignition process may occur when gravity is eliminated. 

Combustion tests performed in normal gravity may not be in some cases 
adequate for describing the combustion properties in zero gravity. In static 
systems under normal gravity, differences are observed for upward and downward 
burning of metals, and elimination of gravity will most likely produce large 
changes in these combustion properties. For example, in zero gravity, the 
molten mass will not detach and fall away from the rod as observed in upward 
propagation, and the molten mass will not drip down the rods as observed in 
downward propagation. In zero gravity, the molten mass will probably continue 
to grow at the surface of metal, and the effective area for heat transfer may 
Increase from that observed in upward propagation in normal gravity. However, 
elimination of gravity will eliminate the convective currents at the interface 
boundaries, and heat transfer may have to occur by some slower mechanisms such 
as conduction or radiation. In the case of metals that burn as vapors, it is 
unclear at this time how the vapor bubbles in the molten mass will behave. 

In dynamic systems, many of the effects that zero gravity may have on the 
combustion properties of metals may be small compared to the dominant effects 
the dynamic conditions will have on the combustion process. 

When ignition and combustion of metals are compared, combustion appears 
to be Inherently more susceptible to the effects of zero gravity; and, if 
testing in zero gravity is planned, combustion tests should be carried out 
first as opposed to Ignition tests. 


TABLE I. - COMPARISON OF METAL C0MBUS1 LON PROPERTIES 



Aluminum 

Iron 

Metal melting temperature, K 

932 

1860 

Metal boiling temperature, K 

2720 

3160 

Oxide melting temperature, K 

2323 

1700 (FeO) 
1900 ( F e 3 0 4 ) 

Oxide boiling temperature, K 

3800 

2070 (FeO) 
3690 (Fe 3 0 4 ) 

Flame temperature, K 

3300 

3000 
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FORUM 1 - FIRE DETECTION AND IGNITION 
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General Findings and Conclusions 

Any fire that occurs in a spacecraft must be considered extremely hazard- 
ous. Hence, the principal goal of fire detection onboard spacecraft is the 
sensing of impending abnormalities prior to combustion. Moreover, if a fire 
does start onboard, the fire detection system must be capable of providing a 
very rapid response. At the same time, false alarms, which may prove disrup- 
tive to the mission, must be minimized. 

Many failures begin with overheating of components. To detect this con- 
dition, a proposed technique involves the coating of components with micro- 
encapsulated indicator chemicals. These coatings are of such a nature that an 
indicator is released when a component reaches a temperature indicative of 
abnormal operation. Any substance, as long as it is nontoxic, noncorrosive, 
and capable of being detected by chemical or biological sensors, is suitable. 
These coatings may also produce color changes, which aid in locating specific 
components in need of repair. This technique needs also to be adapted to the 
detection of nonvisible combustion, or smoldering, which may occur in foamed 
materials at relatively low temperatures. 

Regardless of whether fire detection systems sense overheating or whether 
they sense incipient fires, the requirement for rapid response to small sources 
implies the need for relatively large numbers of sensors with high sensitivity. 
These are needed to minimize the time required to transport the abnormal con- 
dition (fire signature) from the combustion source to the detector. This is 
particularly critical in microgravity where buoyant convection is nonexistent, 
although, due to ventilation systems, forced convection may be present. 

One way of increasing the amount of information available to the onboard 
fire detection system without increasing the probability of false alarms is to 
employ a system of sensors that responds to several different fire signatures. 
These signatures can then be converted into analog signals and sent to a proc- 
essor that recognizes patterns indicative of a fire. Such analog fire detec- 
tion systems with decision algorithms in the central processor are currently 
under development for use in buildings in Europe and Japan. 

For the development of appropriate sensors, particularly in the case of 
incipient fires, a data base of the fire signatures (gases, particulates, and 
radiation) released by the materials within the spacecraft is necessary. It 
is Important that this data base also Include fire signatures for combustion 
in nonstandard atmospheres and for low- temperature "smoldering" pyrolysis or 
combustion. 

Minimizing signature transport time requires a large number of sensors. 
Those presently in use are relatively heavy. For example, the Shuttle fire 
detector has a mass of over 1 kg. To avoid a serious weight penalty, micro- 
sensors are needed. The technology that may have the potential to provide 
such sensors has been developed by H. Wohltjen at the Naval Research 
Laboratory (ref. 163). 
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An alternative to individual microsensors is the use of a single sensor 
head, or central analytical system, to sample the spacecraft atmosphere at a 
number of locations. Such a system would scan a large number of individual 
tubes in order to pinpoint the location of the source to as small an area as 
possible. Detection systems employing "tube bundles" have been studied for 
use in underground mines where sensitive analytical equipment is housed in a 
protective environment. The use of fiber optics technology for these detec- 
tion systems as well as for data and communication systems will not only 
reduce weight but will also reduce the potential for electrical fires. 

In all cases, the information relayed to the crew should be as localized 
as possible in order to identify the source of the problem. Thus, signals 
should be annunciated both at the affected device or rack and at the central 
command and control station. 

Finally, in addition to the hazard assessment of the spacecraft Itself, 
each experiment package within the spacecraft should undergo analysis to iden- 
tify associated fire hazards as well as their detection and suppression. 

Special precautions should be taken with potential sources such as phase-change 
materials and lasers. Storage of significant quantities of combustibles, 
Including trash, should also be covered by automatic detection and suppression 
systems . 


Recommendations for Research and Technology 

(1) Research and engineering studies should be conducted on the detection 
of overheating and low-temperature smoldering. One approach is the Investiga- 
tion of microencapsulated coatings for Individual components, a technique pro- 
posed in the past, although no practical systems exist at present. 

(2) Better sensing systems need to be developed. These systems need to 
react to fire signatures, that is, the patterns of chemical, physical, or bio- 
logical responses that are distinguishable from normal operating conditions. 
These systems require decision software in the central processor to respond to 
incipient fires while at the same time rejecting false alarms. 

(3) Advanced technological development is needed on central detector sys- 
tems with multiple sampling tubes and ports in order to reduce mass penalties. 

(4) The engineering requirements of recommendation 2 indicate the need 
for more Indepth studies of thermal and chemical fire signatures of spacecraft 
materials. It is Important that this data base Incorporate the unique aspects 
of microgravity and nonstandard atmospheres anticipated in spacecraft 

envi ronments . 

(5) Finally, all spacecraft equipment and procedures and all experimental 
packages and procedures should be thoroughly reviewed and Inventoried to iden- 
tify potential ignition sources. This Inventory can serve not only to mini- 
mize potential ignition hazards, but also to identify sensor, sampling, and 
extinguishment locations for fire control. 
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FORUM 2 - FIRE EXTINGUISHMENT 


General Findings and Conclusions 

Manned spacecraft missions of the future will be of longer duration and 
will Include a greater range of scientific objectives In addition to ordinary 
dally working activities. For these missions, It can be assumed that unwanted 
Ignitions will occur even though large-scale fires appear unlikely. 

The forum determined that, although successful fire safety designs can 
readily be provided for clearly Identified hazards, the development of tech- 
nology for the unexpected fire hazards will present the greatest challenge. A 
fire protection system will need to be designed to extinguish fires, decontam- 
inate the atmosphere, and assure continued success of assigned mission 
priorities . 

Fundamental research needs are such that models of chemical reactions 
occurring In diffusion flames need to be extended to low-velocity microgravity 
environments (e.g., low fluid strain rates). Rapid progress has been made In 
the theoretical understanding of the chemistry of premixed flames, Including 
the effects of species diffusion. This knowledge now requires application to 
the diffusion flame characteristics of fires In microgravity. Theoretical 
models are needed. These models are crucial to extending our understanding of 
earth-based experiments to conditions In space, conditions which cannot be 
reproduced In the laboratory because of buoyancy effects. 

Basic research Is also needed In understanding the chemistry of glowing 
or smoldering combustion. Halon extlngulshants are relatively Ineffective 
against deep-seated fires, which are usually suppressed only by direct cooling 
or reduction of available oxygen for sufficient time to allow the reacting 
surface to cool below Its critical combustion temperature. It Is not clear 
whether there exists some gaseous agent that can suppress the deep-seated 
reactions thermally rather than chemically. The problem of controlling deep- 
seated combustion may also turn out to be critical for the fire safety of 
activated carbon filters, which are typically used for air purification sys- 
tems onboard spacecraft. 

Technological development needs are such that the choice of an extin- 
guishment system will need to be made early In the design process to allow for 
development of systems tailored to the spacecraft environment. It Is essen- 
tial that this technology provide the spacecraft with a general-purpose fire 
extinguishment system capable of handling a very broad range of fire threats 
In terms of both origin and magnitude. 

General-purpose fire-extinguishing systems proposed for spacecraft employ 
suppression agents such as Halons 1301 and 1211, CO 2 , N 2 , H 2 O liquid and H 2 O 
gas, and the perf luorocarbons CF 4 , C 3 Fg, etc. The Shuttle system has 
Halon 1301 available. In a terrestrial environment, Halons typically 
extinguish flames by reducing hydroxyl radical concentrations, causing 
reaction times to increase relative to flow times. This mechanism, however, 

Is probably less effective for the longer flow times characteristic of micro- 
gravity environments. In these environments, the Halons may extinguish 
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hydrocarbon diffusion flames by increasing soot formation leading to radiant 
extinguishment. 

Alternative gaseous systems using CO 2 and N 2 are being considered for 
the future, although these systems have the drawbacks discussed In the paper 
by deRls. The use of fine droplet-size water sprays for general-purpose 
spacecraft fire extinguishment should be explored. On a per-unit-mass basis, 
water Is about as equally effective as Halon 1301 for surface fires and is 
much more effective for deep seated fires. It is readily available onboard 
the spacecraft and does not Introduce toxicity problems. Agent cleanup can be 
easily achieved with dehumidifiers In the ventilation system, and uninvolved 
electronic equipment can be protected from the agent by compartmentallzatlon. 
Moreover, although water sprays do not conduct electricity, the possibility of 
shock hazard through any mass of accumulated water can be minimized by using 
deionized water. As an added precaution, it may also be desirable to put high 
voltage cables Inside sealed grounded conduits. 

Spacecraft, In general, have a large amount of electronic equipment 
onboard. This equipment is Inherently a potential hazard from overheating, 
which may generate toxic products as well as provide an Ignition source. 
Although such equipment Is generally Installed in modularized compartments, 
the use of extinguishers using Halon poses the added difficult task of develop- 
ing and Installing equipment capable of removing not only the products of com- 
bustion from the enclosed atmosphere of the spacecraft, but the Halons as well. 

System malfunctions due to post-fire corrosion, thought to be caused by 
acids contained In the products of combustion, may surface several days or 
even months after a fire. Although several companies offer proprietary smoke- 
damage cleanup services, there Is doubt as to whether this new technology is 
adaptable to spacecraft appl Ications . The problems of potential corrosion 
damage, however, will remain particularly acute as long as the space community 
continues to rely on Halon 1301 as a fire suppression agent and as long as 
there Is continued reliance on halogens In cable Insulations and plastics. 

Strong consideration should be given to Inerting the ambient gas within 
the electronic compartments as well as In other uninhabited high-risk areas. 
While several Inert gases are candidates, the most feasible Is nitrogen- 
enriched air generated by an onboard Inert gas generation system (OBIGGS). A 
molecular sieve, or permeable membrane, could provide a continuous purge of 
sealed compartments equipped with suitable heat exchangers. Manual venting to 
the vacuum of outer space should also be considered. In an extreme emergency, 
this method could be used to rapidly dispose of absorbed corrosive gases. 

Certain areas of the spacecraft may have especially hazardous atmospheres, 
for example, the hyperbaric and oxygen- enriched chambers. These will undoubt- 
edly require additional regulation with respect to content. Special consider- 
ation of the extinguishment agent type and distribution may be required in 
these areas. 

It Is essential to completely remove all toxic gases from the Inhabited 
areas Immediately after a fire. If Halons are used for fire extinguishment, 
they must also be removed. A formidable technological challenge Is the 
development of suitable air cleaning equipment to handle this task. If suita- 
ble cleanup equipment cannot be developed, or If the total amount of toxic 
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products exceeds the available capacity of the equipment, then personnel must 
exit the contaminated areas Immediately. Meanwhile, temporary vacuum depres- 
surization of the abandoned module would help ensure elimination of corrosive 
gases adsorbed on surfaces. All electronic components would, however, have to 
be selected to withstand prolonged exposure to vacuum. 

Coordination of fire safety efforts with other organizations should be 
encouraged. For example, the similarities between fire safety problems In 
submarines to those In spacecraft form the groundwork for mutually advanta- 
geous cooperative efforts between the Navy and NASA. Consideration should 
also be given to the establishment of a Spacecraft Fire Protection Standards 
Committee under the auspices of the National Fire Protection Association. 
Lastly, particularly difficult technological challenges might be best resolved 
through the formation of working groups In order to take advantage of the 
technical expertise already available In existing organizations. 


Recommendations for Research and Technology 

(1) A fundamental research program Is needed. This program should be 
directed at obtaining a good scientific understanding of both the combustion 
behavior of combustible materials, Including smoldering, and the effectiveness 
of various flame suppressants In microgravity. 

(2) Applied testing and evaluation are required. These are needed to 
establish the relative performance capabilities of promising candidate fire 
extlngulshants In spacecraft atmospheres of Interest under microgravity condi- 
tions. Candidate agents should include Halons 1301 and 1211, CO 2 , N 2 , water, 
foam, and perf luorocarbons ( CF 4 , C 3 F 3 and higher molecular- weight compounds). 

(3) Special extinguishing techniques are needed In specific areas of the 
spacecraft. These Include the need for the development of onboard nitrogen 
inert gas generation systems (0B16GS) utilizing molecular sieve or permeable 
membrane techniques to provide continuous purging of electronic compartments 
and other normally uninhabited high-risk areas. Other special fire protection 
needs are in the areas of the spacecraft/space station that must periodically 
be utilized as oxygen- enriched hyperbaric chambers. 

(4) Special preplanning of post-fire atmosphere purification Is needed. 

In addition to effective fire detection/extinguishment, provisions must also 
be made for Isolation of Individual spacecraft compartments, local de-energi- 
zation of electrical power, venting of vitiated atmospheres, and eventual 
restoration of a safe, breathable atmosphere. 

(5) Because of the similarity of the fire safety problems associated with 
submarine and spacecraft systems, a closer working Interface between the Navy 
and NASA should be established to foster the development of an enhanced fire 
protection capability. Consideration should also be given to the establish- 
ment of a government- Industry fire protection standards committee and, where 
required, technological working groups. 
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FORUM 3 - HUMAN RESPONSES TO COMBUSTION PRODUCTS 


AND INERT ATMOSPHERES 
General Findings and Conclusions 

The study of human responses to fire hazards onboard spacecraft seeks a 
fundamental statement on the philosophy of spacecraft fire safety. The proba- 
bility and nature of accidental fires In a microgravity environment are 
unknown. The approach to fire containment Is somewhat vague. The real ques- 
tion Is whether a strict fire prevention policy Is needed or whether fire con- 
trol, In view of the microgravity environment. Is sufficient. 

In order to address the aforementioned concerns, much can be gained by 
collating safety policies, technical reports, and case studies on the histories 
of fire-related Incidents onboard spacecraft, aircraft, and submarines. Atten 
tlon should focus on the data from actual fires and "near misses." The data 
could be used to mitigate potentially catastrophic situations. They could 
prove to be beneficial, not only from an engineering standpoint, but also from 
a human response perspective. The collated Information might Indicate the 
performance of spacecraft life-support systems during and after fires. It 
might also help to establish a baseline for onboard atmospheres for specific 
missions, Information that could prove crucial In the early detection of 
Incipient fires. 

Test results of materials In fires onboard commercial aircraft have shown 
that synthetic polymers may yield products of combustion that are substantially 
different than those produced by the same materials burned In controlled lab- 
oratory settings. These results, therefore, point to the need for testing of 
spacecraft materials In full-scale, earth-based laboratories. The products 
generated by pyrolysis, or smoldering combustion, an occurrence which may take 
place even In so-called Inert atmospheres, must also be Investigated. 

There Is satisfactory evidence available from earth-based studies to Indi- 
cate that reduced oxygen atmospheres sufficient to sustain life will retard 
combustion. The lower propagation rates will also allow firefighters more 
time to bring fires under control. Consequently, these nonstandard atmos- 
pheres, as discussed In forum 5, need to be studied by medical scientists in 
order to Identify the minimum oxygen concentrations required by humans to per- 
form long-term scientific duties effectively. 

Inert atmospheres may not be practical for all areas of the spacecraft; 
thus, more must be learned about the toxic effects of both combustion and 
pyrolysis products In microgravity. Particular medical attention must be paid 
to the toxicity of halogenated fire extlngul shants and their reaction products. 

Pyrolysis, smoldering, or minor fires, even If they occur rarely, will 
contribute to the background contaminants found In the spacecraft environment. 
Over a period of time, these contaminants will accumulate In the enclosed envi- 
ronment of a permanently deployed spacecraft. Effective cleanup procedures for 
these gases are questionable. The inhalation of these contaminant gases may 
degrade the judgement and task-performance ability of the crew before it 
Impairs their ability to escape from a fire. Since this Is an Important 
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operational concern, work must be done to determine the effect of combustion 
and extlngulshant products on human performance In both normal and micro- 
gravity environments. 

Effective standards and tolerances for human subjects are lacking. The 
biological end points frequently used for combustion toxicology tests, namely 
neuromuscular Incoordination, sensory Irritation, and escape behavior of 
trained animals, may be Inappropriate for extrapolation to humans confined In 
a spacecraft environment. 

Finally, although materials and procedures onboard spacecraft are 
strictly regulated, past experience cites Instances whereby materials were 
carried onboard by crewmembers In violation of fire safety policies. More- 
over, as missions Increase In duration to 90 days, or longer, the "vehicular" 
spacecraft will become an "apartment- factory" capsule. Boredom may threaten 
any fire safety program based on written regulations and sound logic. There- 
fore, despite the dangers of permitting highly combustible materials onboard 
the spacecraft, the need for supportive recreation may require acceptance of 
books, movie films, and other flammable materials within the vehicle habitat. 
As a result, all crewmembers will need to be trained to fight fires. They 
will also need to maintain their fire-fighting skills by conducting drills 
during actual missions. Consequently, this will require the use of well- 
defined operating procedures based on examples of specific fire scenarios. 


Recommendations for Research and Technology 

(1) NASA document NHB 8060. IB, "Flammability, Odor, and Offgassing 
Requirements and Test Procedures for Materials In Environments that Support 
Combustion," (ref. 4) should be revised to Include the requirements for review- 
ing spacecraft materials for the toxicology of their combustion or pyrolysis 
products. A wide variety of contributors to this document should be sought 
from outside NASA. 

(2) The policies, literature, and experiences pertaining to fire safety 
should be reviewed to establish the conditions relating to Incipient fires, 
life support systems and hazards, and the effect on human responses. 

(3) Further research and technology are needed on the combustion, pyroly- 
sis, and fire extinguishment products expected under microgravity conditions. 

(4) Biological research and human clinical studies are needed to estab- 
lish responses to reduced oxygen concentrations and nonstandard atmospheres. 
They are also needed to establish acceptable long-term tolerances to pollutants 
In the confined atmosphere of the spacecraft. 

(5) Fire fighting skills of all crewmembers must be promoted. On every 
mission, one crewmember should be designated as the mission's fire marshal. 
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FORUM 4 - SPACECRAFT MATERIALS AND CONFIGURATIONS 


General Findings and Conclusions 

The forum participants agreed that a wealth of material and configuration 
acceptance standards has been developed throughout the space program. The new 
generation of human space missions, however, demands new approaches as well as 
changes to existing safety requirements. The Space Station presents an even 
greater challenge to designers and manufacturers. It Is to be used for 20 to 
30 years and, thus, requires rugged hardware capable of withstanding even the 
most dangerous situations. 

The almost permanent nature of the Space Station suggests that structural 
or component aging may be of concern. Studies need to be Initiated In both 
normal and microgravity conditions to determine the effects of aging on mate- 
rial flammability. Included In the studies should be consideration of the 
effects on materials exposed over the years to normal wear, cleaning, and con- 
tinued exposure to solvents. 

Changes other than material aging can be expected during the useful life- 
time of the Space Station. For example, manufacturers occasionally make what 
are considered to be minor changes In their products. These changes may, how- 
ever, have major effects on flammability limits of the materials. This Is a 
problem that the designer as well as the materials engineer must bear In mind. 

The current NASA material selection, evaluation, and control criteria are 
described In NHB 8060. IB (ref. 4). These testing standards are applicable to 
all portions of the spacecraft. Nevertheless, the major emphasis Is on the 
crew cabin. This Is because this area has an oxygen-enriched atmosphere on 
occasion and because the other areas are only considered flammable during 
ground operations and during a short period of time while launching and 
landing. 

There are, of course, flammable materials In the Shuttle payload. These, 
however, are Isolated and should not pose a threat. The flammable materials 
within the main decks are, for the most part, contained In nonflammable boxes 
that have been tested or analyzed to Insure they are Incapable of contributing 
to a major fire. Other flammable materials are Isolated or separated by fire 
barriers in order to prevent establishment of propagation paths. 

Since NHB 8060. IB covers conventional flammability of materials, a ques- 
tion that arose several times at the Spacecraft Fire Safety Workshop concerned 
the control of nonvisible combustion, or smoldering. The requirements In NHB 
8060. IB state that a material or configuration cannot smolder for more than 10 
min. However, It was felt that more consideration should be given to the 
potential problem of smoldering In the spacecaft environment Itself. Further- 
more, these tests should recognize the potential evolution of toxic products 
during noncombustl ve overheating. A particular example Is the known degrada- 
tion of polytetraf luorethylene, which may be used In power cable Insulations. 

Flammability tests are based on a worst-case atmosphere In the spacecraft 
itself. At present the Shuttle atmosphere is established at two levels during 
orbital operations. The normal level is the sea-level condition of 101 kPa 
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(14.7 ps 1 a ) with 21 mole-percent oxygen. The oxygen- enriched level is 70 kPa 
total pressure with 30 mole-percent oxygen. The latter is used 12 to 24 hrs 
prior to an Extravehicular Activity (EVA). This preconditioning is necessary 
to avoid the buildup of nitrogen bubbles in body tissues (the bends) caused by 
the sudden pressure change from cabin to spacesuit. Mobility of the hand 
joints within the EVA suit presently limit the spacesuit pressure to 30 kPa 
maintained by a 100-percent oxygen atmosphere. 

The forum Selection of Spacecraft Atmospheres discussed atmospheres of 
reduced- oxygen mole fractions that are capable of supporting human activities 
while decreasing material flammability. The atmosphere recommended would have 
a total pressure of 150 kPa (22 psla) and an oxygen mole fraction of 0.12. 

Since the Space Station is currently designed for a maximum working pressure 
of 140 kPa (20 psia) and a bursting pressure of 165 kPa (24 psla), Increasing 
the normal total pressure to 150 kPa (22 psla) would require major structural 
changes and a large weight Increase. In addition, most experiments onboard 
the Space Station are designed for an atmosphere approximating sea- level con 
ditions of 101 kPa (14.7 psla) and 20.9 mole-percent oxygen. Nevertheless, 
the technology for such innovations in future-generation spacecraft should be 
explored. 

The forum participants discussed other hazards that might occur despite 
strict adherence to materials and configuration standards. A broken or damaged 
line, or piece of hardware, may allow gases or fluids into the habitable area 
of the spacecraft. Future designs should assure that lines carrying hazardous 
gases or fluids be routed outside the habitable area. 

Finally, the forum expressed its concern that the expertise developed in 
spacecraft and aircraft flammability will be lost if the personnel now active 
in this area retire or leave. There is strong sentiment that the space 
research and design community be asked to make a determined effort to document 
the "lessons learned." This information if compiled and published would ensure 
that the "tricks of the trade" are documented and that the same mistakes are 
not repeated. Furthermore, analogies between fire-safe materials and configu 
ration practices established for aircraft should be pursued in terms of 
spacecraft. 


Recommendations for Research and Technology 

(1) Flammability testing on spacecraft materials and configurations 
should be conducted in low-gravity environments in order to understand igni 
tion and flame spread in various assemblies and configurations in addition to 
the effectiveness of associated fire suppression systems. Spontaneous combus 
tion in low gravity should also be studied. 

(2) Further testing should be conducted on nonburning pyrolysis of common 
materials. These tests should define not only the toxic gases to which the 
crew might be exposed but should also indicate what type of gases may be needed 
to be removed by the life support system. Assuming gas analysis equipment is 
onboard, the data could be used in a fire detection system capable of looking 
for those gases peculiar to the burning or smoldering of major materials used. 
The data could also be used to determine whether certain equipment is over 
heating and is about to fail. 
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(3) The updating of flammability information should include studies on 
the effect of aging of materials on flammability not only in normal gravity 
but in microgravity as well. 

(4) Flammability models created for aircraft should be expanded to 
include Space Station flammability hazards. In addition, past practices and 
current knowledge in aircraft and spacecraft material flammability should be 
compiled and reviewed to establish a documented data bank. 
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FORUM 5 - SELECTION OF SPACECRAFT ATMOSPHERES 


General Findings and Conclusions 

The discussion on selection of spacecraft atmospheres concentrated on 
three main topics: fire-suppressant atmospheres for long-term operation. 

Impact of extlngulshants on atmospheres, and fire behavior In unusual 
envl ronments . 

The use of an Inert, or fire-suppressant, atmosphere Is a relatively easy 
way to reduce fire hazards. In spacecraft this may be accomplished by reduc- 
ing the mole fraction (or percent) of oxygen to below that of normal air. In 
contrast. Increasing the mole fraction of oxygen can Increase the fire hazard 
potential. Thus, there Is real concern over the present practice of using 
oxygen concentrations above 21 mole percent In spacecraft. Moreover, as noted 
In the forum Spacecraft Materials and Configurations, the spacecraft atmos- 
phere of 30 mole-percent oxygen at 70 kPa (10 psla) needed In preparation of 
extravehicular activities presents a highly dangerous situation even at this 
low total pressure. 

The forum considered three options for fire-suppressant atmospheres 
acceptable for sustaining life. The first, a total pressure of 150 kPa 
(1.5 atm) and a mole fraction of oxygen of 0.12, has a partial pressure of 
oxygen of 18 kPa, equivalent to that at an altitude of 1350 m (4400 ft), and 1 
as close to a "combustion free" atmosphere as possible within the constraints 
of sustaining human life. Some participants felt that the total pressure 
should be raised as high as possible to guarantee a habitable fire-safe atmos- 
phere with a minimum oxygen mole fraction. There are formidable engineering 
drawbacks to be addressed with the use of this atmosphere, such as structural 
strength, major engineering redesigns, docking, Isolation of compartments In 
the capsule, development of air locks, etc. Thus, a second option might be a 
total pressure of 100 kPa (1 atm) and as low a mole fraction of oxygen as Is 
necessary to meet the physiological requirements needed for operation of the 
Space Station. The forum agreed that the oxygen mole fraction of this atmos- 
phere should be no less that 0.16. This Is equivalent to the partial pressure 
at an altitude of 2300 m (7500 ft), which Is the normal pressurization level 
Inside high-altitude commercial airliners. It Is recognized that this atmos- 
phere Is not as "combustion free" as the first option, but It Is still much 
safer than the current spacecraft atmosphere from a fire standpoint. (Note: 
this oxygen partial pressure has served as the basis for other studies, Includ 
Ing the paper by Knight on human responses, which Is presented elsewhere In 
this publication.) 

A third option proposed by the forum calls for a habitable atmosphere 
containing Inertants other than nitrogen. Although life on earth has evolved 
In an atmosphere containing 79 percent nitrogen and although we have much 
experience with this atmosphere both physiologically and In terms of fire 
behavior, other Inertants should be considered. Helium, for example, which 
was used In SeaLab, does not present a significant advantage from a fire 
standpoint. The same applies to argon, another Inert gas. However, If gases 
with considerably higher molar specific heats than nitrogen are used, the 
quenching effect of these Inertants permits use of higher mole fractions of 
oxygen while yielding the same benefits as nitrogen with respect to fire 
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suppression. Gases such as CF 4 , SF 5 , and have been studied 

for this purpose (ref. 164). Even though the forum felt their use in space- 
craft may not be feasible, the participants stressed the need for further 
investigation of these gases. Also, it should be noted that the use of dilu- 
ents other than nitrogen may eliminate the need for high- oxygen conditioning 
prior to extravehicular activities. 

Diluents that are also extinguishants , such as CO? and C^Br (Halon 
1301), are considered too toxic for use at the concentrations required for 
fire protection. For example, the concentration of CO? required is approx 
imately 40 percent, which is lethal. The halogenated extinguishant, Halon 
1301, is toxic, and it is known that Halon systems develop slow leaks. These 
extinguishants may be used if the contaminated spacecraft atmosphere is vented 
to space and the original atmosphere reconstituted. Although this is an 
extreme means of fire extinguishment, it is highly effective. 

The use of deionized water as an extinguishant also needs to be explored. 
However, consideration must be given to the electrical equipment which might 
be rendered inoperable after soaking in water or other liquid extinguishants. 

Extinguishment in itself has drawbacks. Foremost is the contamination of 
the spacecraft atmosphere by suppressant residues or reaction products. Hence, 
it is inherently better to prevent fires by inerting rather than to fight fires 
after they start. 

Finally, the forum expressed concern over the paucity of information on 
the Impact of unusual environments on both fires and physiological behavior 
and response. Of particular concern in connection with spacecraft were the 
following topics: 

(T) Effect of unusual atmospheres on fires and physiology. Including use 
of diluent gases other than N? (e.g., CF 4 , SF^, etc.) 

(2) Effect of unusual atmospheres on spacecraft equipment 

(3) Fire behavior with forced air circulation at microgravity conditions 

(4) Effect of 0? concentration on flaming and smoldering combustion 

(5) Establishment of different atmospheres in different spacecraft 
modules (e.g., normal oxygen, low oxygen) 

( 6 ) Isolation of high fire risk areas in order that they may be totally 
Inerted or extinguished with water, for example 

It is the opinion of the forum that these areas need to be addressed by a 
vigorous long-term research and development program that will achieve suffi 
cient basic understanding of the phenomenology involved to allow design and 
performance of spacecraft at maximum efficiency and minimum risk from fire. 
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Recommendations for Research and Technology 

(1) Research and technology programs should be conducted on the adapta- 
tion and Implementation of the three fire-suppressant atmospheres suggested by 
this forum, namely 

(a) Twelve percent O 2 at 150 kPa (1.5 atm) total pressure 

(b) Sixteen percent O 2 at 100 kPa (1.0 atm) total pressure (or the 
lowest O 2 mole fraction that Is physiologically acceptable) 

(c) Atmospheres with high-specific-heat diluents 

(2) More general research Is needed on the effects of unusual environ- 
ments, Including the atmospheres proposed In recommendation 1, on combustion, 
combustion products, and human physiology. Research should Include Investiga- 
tions of pyrolysis and smoldering combustion (l.e., combustion that may occur 
even In Inert atmospheres). 

(3) In addition to proposed research, a data bank should be established to 
collate knowledge on fire behavior In unusual environments (e.g., Inert 
atmospheres, microgravity, etc.). 

(4) Further research Is warranted on contamination of the spacecraft 
atmosphere by extlngulshants as well as on the procedure of Isolation and 
venting. 
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